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secrrom I 
Gummy of the Work Described iz the Previous Technical Reports 
Submitted under the Teras of this Gontrect 

1. TRRRODUCITE 

Thies is the Final Report to be subaitted wer Gentract wO-conr-G06Ol, 
which was gonseredé =nd supported et varicus timos and in varicus saxuate 
by the Office of Naval Research, Bureau of Ordnance, Bureau of Ships, 
Wateon Laboratories, AMG, Air Force Cusbrides Research Center. and the 
kXtomic Energy Gcamizeion. 

This contract wes initiated and wort startef or: 23 tine 2088, 


OO AB EI SOE EO CCMA (IEAM RETO EL PONE TE © YUNA ENE RRST RD 2804 > HOR ENT OE AIA OF 


t It is now echeduled to eipire on ths present expiration date of 31 Deces- 
an @ der 1955, 
The yrimary purpose of this ccatract hes bos: to axcosor re- 


search and Gevelopment in the fiel¢ of cumable narrow ban? optical filters. 
In ite initial conception the aim was to develop and bring to practical 
realisation the tunable filter craceived by Dr. B. XH. Milings’, whte® 
uses nerroy >-Jarisation iaterference fringes arising from birefring=nt. 
exystala to produce the narrow resz bend (the Lyot® rined filter}, with 
the tuning being e4456 sithar ty wecharical rotation of eome of the 
polarise, oz csystal elementz or Sy means of the alectrically variable 
retardation vbich can bs provided by the electro-optic effect in crystals. 
During the first two years of tbe ountract elaost a) the 
waphasis ves on the developucst of the fixed Lyot aad tunable Billings 


1. This conception ves first described in a publiestion in the J. Opi. 
See. Am. 37, TH (1947). 


2. 3B. lLyot, Gospt . rené. 19L 1595 (1955). 
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filters to practical realisation, In the case of the fixed filter the 
Gevelogumt proceeded to the point where the epyaretus was suesptible 
to practionl mumnfacture, This filter differed from lgut's primarily 
in the use of AIP in place of qarts ani calcite, A meier of these 
fixed filters for the wavelength of 2a ueve proves very useful for studies 
ef the ean and its corona by cetroxca's. In the case of the tunsble 
filter, although a maber of research wodels wars constructed, ubi'lictae 
Doth mechanical anf electrical tuning, its complexity ent axesse cessed 
ex obstacle to its acceptance en « scientific tool Sor gmeral we. 

fowsrde the midile of 1950 there was scmvhat cf « abif't in 
the euplasis of the work unisr the comtrect. Although coutincivg ty verk 
on tunable marrow band optical filters, the restriction to <he yoleriss- 
tion interVersce filter of the Lrot-Billinzs type ves lifted. Yarivus 
wodifiostions of the Fabry-Perot interferometer end interfsrence in thiz 
evaporated films, wstal or ficlectric, vere oxsidared ani cevelopud, 
which migit have considerable edvantags in sise, simplicity, ani cost 
over spectrometers aod moncehroszntors of eq<ual resclition. FSunthasntelir; 
this wie the chertccaing of the original twebis filter. %% we ome 
ceived a being a siuple a:2 izexpencive ropieccasnt fer a lenge ersting 
epectzogreph, but it turned out to be sbout as costly ead difficult to 
bulla. 


Ts efdition the wrk wes sade more pructical by applying the 
upable fiiter techriques to th: scientifically and techaically ispertert 
fislé of tectope cuncestretics mensurcsnet by epcctrochemical techniques. 
Moat of the practice was aimed at the hydrogen-deuterius provles es typical : 
of the iectops meeourement probien. | 
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The work umder this contract has been reported in a series of 
Techniiel Reports which have been iesued yariodicelly. ‘There are eight 
previous reports. It ie felt thet there is no efvantage to reprintiag 
for this final report the “etailed material covered in these reports. 
However, in the naxt section brief abstracts and summrics of theses re- 
ports wili & given for reference purposes. Actually these interin 
techaical reports ware issusd at eppcoprdiate tises when it sowed pos- 


OEE RR Bi PWR ew abet mesh Aaah 8 —_ Banfadt 
Sicke CE SEGRS & PGF vastuae tachmicak subject in a fsisly somplete <s, 


Fate than to fecur thas over egel working tisce. An attest wes 
wade to gake cach one an entity in tteclf. 

Accomiizely, aftar these brief susgarice, the bulk cf the text 
of thia final repect will 4cai with the developments umider this contract 
#ince the last Technical Report ws iasued on 1 July 1953, and with any 
other sbsexial sot previously covered in the Techaice). Reports. The 
iuterested reader is reterre’ to the eeriier Technical Repocts for dae 
tailed information as ta the work on the sarly phases of this project. 

2. ARETRACTS OF TER PHEGRDinG TOCRAIGAL REPCENSS 

S21 sf theee reports were Issel under Gertract FS-omr-60R0L, 
with the Orf{cs of Naval Reevarch os the prindipal sfadnietrcutive saeec. 
Bi 8. X. Billings, "Sumaay so Tunshle Milter Meoject", 30 Recemher 1088. 

Thies wes @ pircarees report which outlined She e:perigests! mic~ 
grams then unéervay towerds the development of fixed und twable relari- 
sation filters, wder the following Givisions: 

2.1.1 Procurement and manufacture of elements for a rized 


Marrow Band Folzris«tion Filter. 
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@.1.2 Investigation of electrical tuning sethods. 

2.3.5 Development of mechanical tuning evthots. 

2.1.4 Improvement of the angular field ef view of electrical 

2.1.5 Development of fixed filters for ienleting the spectral 
region tc be covered by tuning. 

2.1.€ Operation in the infrared. 

8.2 We Mo Deyisin ani 6. J. Sagz, "Problem of Fixed Filter Developeend 
for fusing Purcees”, i) March 1969. 

(me of the major previews in the Sevelopeest cf a tuschle filter 
is the cumufacture of the basie fixed filter. & tetaf secure <o the 
theery of the Lout type filter is described. he physical tolerances 
oe the various sletents is Giscusesé, ce are the techuiques af ariesting 
end optically finishing the oryetal plates, texperaturs contecl art iam 


32 seeuvt 1949. 

eFiod January 2 te august 1, 1939, tn the Sevelormest or a tomhic 
werrey Bes. option) Mites, The promieu of eachanteni processing of 
eieaeies ie discusses’ vith cre detail than fa the lact report, mest of 
the succeastul techniques having been dvtarcived at this tig:. Sovtions 
on birefringence vwariaticn with temperature, tamperetuce control end 
housiag, wiee corrector pistes sad their secsuremerts, tuning sleaents 
en additional wes for Sliter couponsste have bem incluied. Finally, 
© section covering problems for future investigntion cloeus this regers. 
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2.4 8. J. veichsl, Tectmicai Dats, “The Index snd Disperaion of Aunoniue 
Dihydrogen Phoephete", Zi Ime 1950. 

A compilation of ths best values cttained from as evalunticn 
of mearuremnts at the Bational Sureau of Stendarda, University of 
Rochester; end Baird Associates, Inc. Final «ccurecy in index values 
is estimated as 5 in the sixth place beyond the dectaal. Range 4000- 


6700 angstroms. 
€.5 So B. Biiiings, W. Ne Mraisin ai 5. J. Sage, Tecunical Sypurt Geved 


This report covers the extire developamt of the fixed ané 
tunable filters from the inception of the contract in Jupe 1948 until 
Jima 1950. It thus repests or summcrizes mot of tiw inforaxtion in the 
preceding reports on fabrication of ths fized filter. In addition, the 
Gevelogmens of the tumnbis fitter is treated in detail for the first 
time. Several tring osthods are presented, sous cf which were tried in 


the lsheretary. 


SS w = 


2.6 3. M8. Billings, &. 3. Sege and ¥. Zaponod Jy., Tectmical Report 
dated 1 1F2. ; 

Ie: the perth thie Gecghen Wen Mapecidad Uy eckensies dacdliomank 
Werk Om Other types Of unrrow Gai optical Tiitess. Tis Ws Gi BUitig“ 
layer Gielectric reflectors to obtain greatly decreased band pass end 
incroaseé tranamissicon in the solid Fabry-Ta:ct interference filter is 
Gescrited. Filters 50 augetroms wide with peak transwtssion of S0p were 
produced. The simple inespensivs filters can be tuned cver a renge of 


at ieast 10% of the pesk vevelength simply ty tilting the filter. The 
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ise of these eccma siltiiayer reflectess to grestly isceovre the character- 
igtios of the stanisrd afz-spaced Febry-Pacot interfernmeter ie ateowerd. 
Applicatice was mode to the extension of Pabry-Perot interferometry into 
the infrared end to the kigh resolution stay of isctope ebundances. ‘The 
tolerances on interferometer plate flatness is Glecussed, ci apgaretus 
for flatness testing wes devised and described in the report. Mice 
cleavages siivered on woth cides were dsveloped as the bact available 
eciution to ths problem of obtaining thick, flat, eclid spacer layers 
for Farry-Ferot filtere with bend width the order cf 1 angstrom. ‘the 
difficulties cf eilver reflecting layere in the infrared is discussed. 
The mica plates were thes coated vith miltilayer reflectors designed for 
ebout 1.7 microns. sxperinents oa the 1.7 micron doublet of meropry 
Gemonetrated that high resolution Fabry-Perot interferometry could de 


Yat=;-Ferot interfercastsy to iscturs Jeteruinetions iz Mecussed, vith 


aren't 4 nerd frm tn the ressiattce a the mercury Rha anB Btn hydrogen queen 


datope exits ent hyperfine structure, Fivaliy, coneidereble further 
development on the t-nsblie rolurizacion interference Siiter is presented, 
with eschasis on extarcing the tuning range of tue fiiter to sover very 


SiGe epectsai segims. “Ziis requires iow order reterdation plates, ani 


During tus period covered by this report work centered on the 
Syplicetion of ths gica spacer Fulry-Perct interferanster to isotope analycss. 
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A possible instrvunnt for aralysing hytrogen-deuterium wivtures is dis- 
cusexd. Tkis inetrument ia hueed upon the fact thet the mica spacer can 
be adjusted to produce two oppositely polarized licht bem, one trecmuit~ 
ting et Bz and the other at Da. 

Experiments have been perxormed to test ths sensitivity ead 
reproducibility cf the system. These preliminary tests in4icate that th 
instrimt conid be used successiuiiy to measurs the relative conamtre- 
tite of Gro isotopes. 

2.8 R&. O's. Carpenter, S. J. Sage end N. Sepgoct Jr., Tecimicai Report 
dated July i. i 

The Febry-Perct interferometer with mica clecvages as the 
epacer, as described in the last report, is comletaly investigated in 
tias ceport. The pouperties of mica seem to render 2% impractical for 
the usage envisaged, namely, the variability from semple to sempie in 
birefringence, the impossibility of cleaving to a prescribed thickess, 
en ite ebeorvtion. 

As ADP Virefringent polarization filter, a unique tyye of 
tunable fitter, i= cescrived and analysed completely in this regort. 
it is Troumé that it is miteble for only moderste accwracy isotepis 


ean Y oe oe Banu 2D fhm 22 DBE wn A des amians. Bawm ae Btw — —— 2 
BELY i 249 WEL SUM RLSOESD 2440) VIE 4 41G suriwLeuce Rims 


eoppaer broadening of Mz and Da, and this effect is asalzecd. The 
wther dirficuvies are the high tolerances required ia flatness of 
plates ané in txaperature control. 
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3. FUSLISUED PAPERS AND TALES 
Tue iollowing publiched papers exé talks presented at ecientific 


society meetings were supported by or etimlated by the work of this con- 
tract, at least ir pert. 
Bel By Mp Billings, "Tuneble Merrow Passbend Optical Filters", vinter 
of ical Ssci of America, Fi 20-58. 1987. 
J. Opt. Soc. Am. 37, 5@1A (1987). 


A molariestion filter will be desomthe’ which passes a Tragic 


of the spectrum of the order of an eugvtron in width and whose passband 
can be siscly shifts: to any wevelengzta in tha visible spectrum. Pre- 
viously, polarisation filters have been designed which havs a lincar 
aperture of several centimeters and a transa@ission dena an angstrom wide. 
The action of these filters depends on the superposition of the polarised 
channel spectra formed by X cut plates of quarts between parallel rolare 
isere- Quartz plates were seed whose thicknesses were in the ratios 1, 
1/2, ifs, ete., the alternate passbands of ecch plate were cancelled out 

Dy the disck bands of the succeeding plate. Since the parsband cf such 
filters was fixed in waveleogth, chey had linited epplication. Interest 
3a Piltere of this type wee restricted ssialy tc astronceere. Avelysis 
shows thet the 1. 1/2. 1/! retardation ratios in the (iret C17 bor son bs 
wpect considerably witht inducing any appreciable change in ita optical 
eharactaristics. Tuning is accomplished by eltering tie ratarintion of 
the suscessive filter eliments so that trunceission maxim is the individucl 
channel spectra coincide et the desired passbasd wavelength. This seter- 
Gaticn, change can be made rechanically for exemple Ly stretching supplesmtel 


y 


t 
4 


oh RR Reese s ene semi tte eee cor Teo re TR ET 


(3 


ah, on eae 


Baird Asanciates. Tac. 


plastic sheets in series with the elements. or can he made electrically 
by using Kerr calle or orystals with high electro-optis coeffisients 
euch cs emmniim dihyfrogen phosphate. The oddittonal reterdstion scorer 
has to oxceef & full wave. In the electrical caso, a network could be 
arranged so that with « single control the passbend ooulé be shifted 
through the spectra. A tunable filter will be damonstruicd, 
5.2 BB. Bidlincs, "A Tmeble Harrow-Band Optical Filtex", J. St. Bot. 
oe. 37, 7 nr). 

Polarisation interfernnce filters are descrihed which oan aeve 
a@ pease dand renging f70n 6 fraction of aa angstrom te severe] berired 
angstroms in width. The pass bead can be shifted to any Gesirad resin 
of the ayectrum. Theee tunable filters ers Sased on the fined filters 
@iscussed by Lyot and Evans, The transcicsicn dand is formed by the 
superposition of the polerized chameel spectra, produce’ by x-cut pletes 
of quarts or other bircfringnt media placed between paralle! polarizers. 
The birefringent plates have thicknesses in the retic iit4 etc. The 
tuniag ie accomplishes by chaning the retaré=tivn of successive elumates 
eo thet tranamiseion maxien in tue verious chesse, spectra coincide «: 
the desira\ wavelength. The re'ardation chengs can be made mechnioaliy, 
fer awemnle, by ctratching sxe lemuntel nicet‘< sheeta in series with the 
Yilter elements, or can be mate electrically by wing Kerr cells or crystals 
with high electro-cptic sosfficiaste, such ag emmoniwa Gitydrogw phoaghrve. 
The efdtticnal retardation never bas to exceed @ full wavs at the wavelength 
cf peek trasssiscicn. Te meusared trencatiseion of an expirizatal filter 
is shown. The electrics: tuning method is particularly’ efegted to cathode 
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epplication in color reproduction and colorimetry. With » pese band of 
o half-angstrom line of sight motion of solar prominences could be deter~ 
: mined by the use of the Doppler shift of the prominence rsfiation. 
3.3 to 5.6 


ray oneilincraw: presentation of sgectrae Tas filter siso bes possible ‘ | 
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Effect in Unisrial ¢rystals of the Type 5 HLPO,." J. Opt. Soc. Aust 

I. Theoretical, 39, 757 (299) iar 

When voltage ir put acroze a crystal of the tyss X FO... the 
anfcz sliipecid in the crystal is rotated ex! the length of the axer 
changes. Two electru-ortic coeffict=auts are nesessery tc deaerihe the 
‘ ccvect, in the moct general plate of the crystal. The nscossity for two 
coefficients is show: from consideration of the crystal symmetry. She 
debavier of Z-cut and X-cut plates is treated in detail. For X-cut plates 
with the yoltege in the Z direction the orystal beccmns biaxial with the 
plane of the optic axes at 45° to che X end ¥ crystallographic axis. The 
retardation along the noraal to the plate ie directly proportional to the 
voltage anf indepenfent of the thickness. ‘the charecteristics of the 
polarization interference pattern for excited X ant 2 plates are discussed. 

ti. sen? Soe 2. 

In this paper it is shom experimentally that whec ~ voltage is 
applied to the % direstion to a tasal section of amsonius dihydrogen phos- 
phate the crystal becczes bis<ia®. The normal to the plate is the bisector 
of the axes and the plane of’ the axes is incline’, at 45° to the crystallo- — 
graphic axes, The loouiica of the axial plane Sa independant: of the mag- 
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proportical ts ths voltage and is independent of the thicknese of the basal 
sectice. ¥hey ems shown of the interfercace patter sbbslasté with 
polerised 1igkt when voltage is applied ts the crystal. 

The beharicr cf the crystal plete with en elternating voltags 
is also Gecaribed. Between polarizers the crysial cen opsrats os @ 
light valve both for short puless as in a cemerea shutter or for complez 
sount waves ae in & sount-co-file Gevies. St is anwo that with circuler 
yolsrined digas {@ percest simwoidal moduisticn introduces oniy 5 pere 
secs Saraonie 4istortion. 

23%. Measurement of Gosfficients, kD, 995 (1950) 

The electro-optic coefficiarts of tuo crystals heve heen abagured 
dy both static and dyvamic methois. For BEE PO, gx = 2.5%, Ty = 6.855 
for ZEPO,, Feq * 3-15e vr, © £58 (units 20°? e.gese, 20°C 29560). ‘The 
variation of the elactro-ostic reepesre with the freqvancy cf the epplied 
Tield is given and related to the piesovlectric vibrations of the crystal. 
A thecrztioal relation for the difference in the aleetrocantie eonatsxte 
maeswrad at conste:t stress end at coustant sivsin 4s derives, whieh pro- 
wtA.k @ Cluwmt on thes umeisicn y &? the preeantly evallable electro-optic, 
Syowselectie, piescelevt.is anf clastic coefficients for these arystels. 
The use of @.c. Catheds to ovtain Rign precision in polsriastioa eeasue- 
mente ty discussed. | 

XV. angrlor Field of the Electro-Optic Shutter, ke, 12 (198) 

When voltage is explied to a tesal secticn of wilaxial crystal 

of the type XE,PO,, the crystal becomes Diaxial. Between crosesé polarisers 


1 can be copsidered, thea, to act as a right valve. Tae engular field 
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of view is 2isited by the nature) reterdsticc of the orystel. This peper 
Siseusess sethods by which this naturel retardation can be winimised or 
effectively canceled eo thet the retardatica with no voltage is esstially 
sero crer a large angule> ficld. In the first method a basal esecticn of 
wilaviel crystel of opposite sign is placed in series with the ule> to be 
excited, Mother technique uses two slabs of simtiss srystel with e 30° 
optical rotator places between then. Soth theee teclmiques are treated 
theoretically end experimental zeasurewents ere given tu show tis re- 
sulting angular polarisation pattern. Tiis pattera ts shou Both for 


the electrically excited case ani the unercited case, 
P+T Be O18, Greparter, “Intueal Minafringwnen of ABP ent WT? as 9 Pato- 


Octoder 98-88, 1950; J. Opt. Bos. i. 40, 775A (1950). 

Ta strongly pareelectric and ferroelectric crystals the photo 
Glastic end sle-tre-cr'te coefficients. elosg with the elestic, dielectric 
wane eae properties’, exiivit large and ancasious tempereture 
dependence”, Data have teen obtained os the veriation with temperature 
of the aluctro-~aptic rg, and the photoslastie gg, coefficients of ADP ent 
KP froe room temporuture dow to their respective transition temperatures, 
1.@-, in the para-electric region, Several. techniques of mking these 
measurements” will be described and compared sc to sccuracy. The elassioal 
thermodynamic theory of the interaction of clectrice. ené mechaeiosl 
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3. We P. Mason, Phys. Rev. 69, 175 (1986). 
kh. Qwicker and Scherrer, Belv. Vhys. Acta 17, 346 (2984). 
5. Gerpenter, J. Cot. Sc. Am ho, 28 (130). 
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intiuazces witaiz the crystal villi be applied to this Gits i: an atuape 

to relate the inéducst birifrinzence to a properly chosen set of mecre- 

ecopic parameters in a texrorcture-intepentent fashion. 

5-8 B. Ee Billings, 8. J. Ue H. Meetain, "A Qnectacctron Fass 
René Polarisation interference Filter", Winter Mesting of thr Optiogl 


Soriety of Amurics, Hew York, March Soll, 1950; Jo Opt. Locs ite WO, 
eee, (1 e | 


One of the main Gifficulties in the constrestion of e narrow 
bend Lyot-Htman® type polarisstion inte:ference filter is the procurenmnt 
of large aiabe of transparent birefsing-nt material. Previoua filters 
have been built manly of quarts. he narrower the band width, the thicker 
the required b¢rafringent clave. A LA width would need a quarts thickness 
of apsroximateiy &.6 inches, Optional quarts cf thts thickness is oseen< 
tially uneveiloble in quantity. A filter has teu constructed using 
emoniss Gihyérose: phosphate ae the birefringent material. Although thts | 
crystal is easily svaSisnie it is extremly difficult to vork Socatse of I 
ite softness ani decwvee it is water soluble. Furthermorc, it ins to be | 
hela to finer tolerances then the quarts slabs botause of ite higher bire- : 


fringmce. he filter wiich will be shown has mechanical tuning =tish 
exadles 25 to de adjusted over « range of about 4A. Zt is plemed in 
future work to time! these filters both electricaliy end nochamically 
over « wilds spectral ragioa. 
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6. Be Lyot, Sompt. red. 197,1595 (1955); Y. Sheen, Nature 141, £91 (1958). 
es 3B. Be Billings, Je Opt. Goce Mh aL T38-TA6 (1947) 
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39 B. M. Bilings, "A Brefringent Frustrated Pote! Reflection Fiiver”, 


J. Ont. Soc. Aw, 40, AT (2959). 
pass bands occur in pairs which are cercsitely solearised. The maximm 
theoretics) trenazissicn in any band is thus 50%. In thie paper it is 
shown thet if the high index layer of the filter is wade of a biretringeat 
waterial the oppositely polarized pass bands can be made to coincide sc 
that the maximum theoret(ce) ¢rananissica beccaes 100% and tis tends occur 
aingly. Measurements arc shor on a “ilter ande wits such « birefringens 
layer. 
5.10 By M. Billings, "Involuntary Polarization, end Depolartsers” Invited 
Peper, Winter Mezting of the Optical Society of America, Vashington, 
March i-3, 1933; J. Opt. Soc. Am. 41, BNF (1952). 


3.11 3B. E. Billings, "Barrow Band Optical Interference Filters”, Mhoto- 
C+] £ ks 1 e 


& publication of some of the princinel resulta described in ‘he 


aon catahied teu) 2. ernie" roma 2.3. 


Thin films have found use in ia‘rared light es optical filters, 
sa bolomaters ant for reducing the emant of reflected light. A thin aetal 
film can also be designed a. as to wholly adsord a civen gts in | 
the infrared beni. : . 
Two types of filters are described. (ne te Dr. Turner's frus- 4 
trated reflection filter, which trensmits a narrow band in the visible | 
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epect=sv=. The present auwthor hes axtended ite use tc infrared and to 

ultre-shert roves of 1 cx wevelength. A somple ie denonstrated, trues 

mitting a dend 0.1 » wide in the noighborhood of Iu. 

The secon’ type is the Dennison Hedley reflectiag filter, which 
reflacts & seu Sf infrars4 tands; severe. such filters are chom. The 
principie of the Desnison Nadley filter is the following: @ thin Seval 
film of 577 clms/equare resistance adpords ail the energy in « given 
wavelength, when placed a quarter wavelength ic free cf a perfectly sve 
flecting sirror. 

Such a thin film can constitute a bolometer, thus cbviating the 
aitficulty of iewing a satisfactory tls-* body (all metallic blacks are 
exey in far infrared 2‘c%): Guch e black 13 no longer nesled Wen the 
thin film is ef appropriate resistance. 

3.13 W. H. Dreisin, &. J. Bagu, J. M. Anderson and J. C. Jelatis. “ign 
Speed Fhotography with the Klectro-tetie Shutter", prevented 2 
Seeting of the New Bogicnd Section of the Optical Society of ime 
205, April 20. 19% 

ay ued of an afvificialiy grom eoryetalline eatericl, saccin 
GibyGrogen phoaph<te, an a higan speed light walys is described. The 
crientation reavired to prodace the optimum electro-optic cifect, types 
of eiectrofes used, clectronic requiranents of ths pulser uatt setivacing 
the crystal, and the general performance of the shutter were iscluind. 
Photographs of exploding firecrackers, exposed by the light of ths ex- 
Plosions theseelves, with exposure times coatrolled by the shutter and 
varying fron 50 to 10 microseconds ware shomm. Aa actual Secastratica 
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GESTICH XI - A TRGMEICAL PEPORT 
(ihis work was priscipsiiy dcce tn the period jums 1 to Teemsber 52, 2953 
SBGTRACT 


The Fabry-Perot interferanster ig an extreaely simple dispersing 
instrument requiring only two “let quarts plates with reflecting iayers 
cn one side held tagcther by some form cf mount to insure parellelias of 
the platce. in spite of ite cimplicity, it bee long been recognised as 
the ineccumemt of the highest spectral resolution evailablie for the spece- 
troscopy of close line stzuctures. In this report its application to the 
problem of the spectrochemical analysis of hytrogen-decterius mixtures 
ie surveyec in detail. 

The seperation of the plates is determined to be 0.24 inches 
by tha requirement that the deuterium fringe be exactly midmy in the 
frees spectrel range between two successive hydrogen fringes. At such 
nawrer «pacings the inatrument is rot at all delicete or difricult to 
Sligi, &2 compared to ths mors Sitficult probices arising in closer Lins 
wtructures, viere the plates have to ts spaced several ‘inches apart. 
is mounted in a vactum tank. The fringes are observed throuch « circular 
aperture and photocell placed at the center of the well<zncws Yebry-Perct 
circular fringe pattern. By varying the air nreaeure in the tark, the 
fringes are collansed, because of the varying index of refrection, and the 
wavelengths are ecamie4’ past the aperture. The resulting catensity ver- 
sus werelength is plotted on a strip chart recording microsmmeter. for 
air the scanning is only ebout .57 orders (or free spectral renges) from 
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vacuum to one etuosphere. This vas inproved by using @0, (.55 orders) end 
@-igies hewafivaride (1.5 orders). 
the theory of the Fabry-Perot fringe shape is dic= . Ines 

Cispercive =ystem the resciution and the contrest cre the isportest rare- 

meters. She contrast is of corsiderable importance if deuterium is are 

Qinery water (.016%) is to be detected, for the deuterium frines te 
Spit pees, Ga ths Kyicgen background, 

After determining the theoretical factors which infimnce tie 
reeciution en4 contrast, en extenzive experimental progres was undertak«wn 
tc achieve the maxizon valves of these two imortant paremvters. The re- 
flectivity of the reflecting layers, the flatness of the plates, and the 

( width of the lines in the sources are the three liziting factors on reso- 
lution ené, coatrest. 

It is shew that woltilaye: reflecting laym's are far superior 
to silver, end iim miitilajyer praparsé Geve aos tia adegmte reflectivity, 
reeolution am4 contrast. The reflectivity was then less a limitatian tim 
the flatnese cf the best plates which couid be obtained. A considerable 
Qiscussion is given of the techoiquas of meking auitilayer reflectors, ond 
of the epperetus wiich was coustruct<4 for the independent en4 precine 
measurement of the reflectivity. 

It was secessery to considerably isprove our aepperetus for the 
inéepentant determination of the flatness of the plates. Actually, in 
flatness determinations the ecme limite on reflectivity hold, eo tint it 
was neceseary to firnt solve the reflectivity provles before the fiatuses 
of cur excellent pistes could be cheerved. tihen this we fincLly cone, 
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% was found ti2t the plates vere flat to somewhere betwesn 1/50 end 1/100 
of a fringe cf ved lighz. 


we en RN EEE 


At tnis point the widt: and contrast sf cx fringes were prine 
cipally determined by the actual source width. A definite assymetry in 
the HZ alpha line was observables, which is dus to the Doppler uroadensé 
fine structure. The direction and magnitude of the asyumstry are in ace 
cordance with the structure, and the width ia in accordance with a 
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SCestuavas GsnageiGG as to tis ciluctive luppier vemperature in the 
scurce, 
Tze recorder has to be scmawhat improved in acter to achicve 
the maxims signz} to poise ratio. Thie involved adding addition. input 
(' gain or sensitivity, ent increasing the time constent by adding capacity 
to the input. Some care had also to be exercised to reduce the stray room 
light to a minimm, since any fluctustions in the strays woulé be disturbing 
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oc course only th» fluctuations ia the Jerk murrect and instrumental beck- 
ground which limit the sensitivity of the asthod. 

By means of all thes arporimental efferta, it me peasibiec +. 
cbesave the deuteviua fringe in ordinary wetor, an effective coutrast of 


A soction in the report is devoted to a comparison of ths light 
gathering power, or lurizcsity, of the Fotry-Perot with jcisus, gratings 
erA other dispersing elements. The high luminowity of thts simple {astru- 
mnt gives it a further advantage over the other instrusents. This is of 
particular importance when the application ie energy limited. In this 
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connection the multilayer raflectars are vital, for aithougs silver om 
Be evaporated to vary high reflectivity. thie ia achieved st coneaider- 
able expense in lLigtt transmis«fon at the peak. 

The report also discussed the problem of obtaining snurces of 
dbiégh stability and narrow °is: witthe. A wixing and dischorving apparatus 
fee nytrogsc and deuteriua gases wee constructed. The most convesient 
souree appears to be the cater vapor discharge, and tie final resulte vere 
ebtained with this source. 


1. TEPRODUerl.dii 

For some months work uncer this contract has been concerned with 
isotepe auelysie by seens of methods closely apslogows tc standard spectrs- 
chamical techniques. In particular, a mmber of simple inverreromrcric 
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eepearating closely spaced etexic lines originating from different isotopes 
af the sem, element Which so.l4 ce less Duley end expensive Shen lees 
erating cpectrographs. 

In provicue reports @ polarization interfercseter has been ce- 
seribed wirich esperetes two lines ins simple tvo lautope protisa into 
two beams polarised at right angles to each other. Tiis led to an ingen- 
ious method where the wavelanct]~ vere not dispersed in ordinary apacs, 
but caly in yolarizstion apace. Galculations were mefe to shor how the 
eysten might work for hyGrogen-deuterium analysis, es « simple, yet 
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japortant, exaapls cf the two Lactcpese probles. A fundamertal difficulty 


48 applying the msthoé tc lew concentrations or with high accuracy arcee 
im any cage where the tvo lince Ind strvcture, vbich might arise from 
the fine structure of the lines or from the line breedening in the source. 
This difficulty arises in principle from the fact thet in @ sense there 
are only two polarization states, because any other state of polarization 
cm de resolved into two componenta in tha given states (usually taken 
at right engies). Therefore tho polarization method, without additional 
dispersion in ordinary spece, cen ouly resaive tw purely monochromtic 
lines. 

Some work was aleo done on s mica Fabry-Perot intexterometer 
systea. This asthol wac found to be impractical becauce of the great 
difficulty in eelecting mice cleavage plates which bad doth birefringence 
Value and thickness to the required tolersaces. 
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iuterference fringes and procuces u dispersing instrumet of vory Sigh 
resolution and dispersicn, but with a limited free spectrul range because 
of overlapping ord=rs. Therefore it is very highly sulted to cpectruz 
eotlysis problens involving only ea very few very cinsely spaced epectm 
lines, which is essentially the probles of isotopic aralysis if a1 other 
lines in the spectrum can de eliminated with auriliary filters. 

Since mica ie bivefringent, 1.¢e., has two indices of refraction, 
it produces teo independent setn of Fabry-Perot fringes. ‘Thus in the 
sense of the words used above, it is en instrument producing both dis~- 
porwion end polarization. Since the polarisation double bees wethod led 
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te &ifficulties shen there were mre thau two pure xozochromatic casgo- 
mente, reconeidcration of the simple air eseced Pebrr.Parct interfervneter 
weo undertaken. 

One of the 4ifficulties in the way of usizs sn ordinary Pascy- 
Perot for apectrochemical analysis lies in the fact that two circular 
elites of different radii would be require’ to select two lines, end tit 
precise tuning of the spacer tiicknese would have to be maintained in 
order to Keep ths tro iises centercd on the tyo alite. There is, howaver, 
a method hich bes been described in the Literature” ‘tor precise tuning 
GS the fringes, which consists oc? varring the air preacirs within the 
apacer layer. Since this varies the index af refracticn of the spacer 
layer, the cirmular fringes are collapsed snd expanded by this method, 
This led to the ides of a simile Fabryecct interfaromter encloesd in 
e vacua chamber, with the wavelengths pacsed by ea eiagile em«rture cone 
crolied py varying G2: Gir preesore WIEN Urs cuemper. 

In the next seckion thie tnterfermmeter will be deooribet ts 
Geotail. 
2. GENERAL CSSSRIPTICN Oy TAR FABRY-PEROT LEPSRPRROETES 

A Vabcy-Ferot interferunster cousiste of iwo highly reflecting 
layers seperete’. by a spacing ixyer ssich maintaings the two reflectorce 
accurate?> plase end piYacel. Whee sir ia the spacer tha two plates 
ars bald apart by e tisce-legged device called a "spacer". 

ie theory and practice cf the interferunster are Geecribcé in 
detail in Tolensky's "Figh lecoliztion Spectrosesgs”. Only the sost 
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important equations cf its behavior will be reprodwed here fer reference. 
and for considerations of the characteristics of the instrumeat which ere 
critical for the B-D aenplication. | 

Constructive interference occurs and. bright sharp fringes are 
found st those wavelengths } and engles 6 {from the normal) satisfying 


BY = & t cos 6 (2) 
where no is an integer. called toe “order sumer ci toe iringe, 1 is tis 


index of the epacer layer, t is tte thickness. 

4 photograph of a typicsi set of circular fringes texen in moe- 
chromatic Hg 196 Suc, tight is sowa ix Figure 1. 

Diffecertiat ing 


te a: fa’ 
x gm e a eos > {2) 
aw 
A peraasiar of interyvot is tis soscalict "ites spectsei reuge » tun 
soncing in wavelerztim between successive fringes of tie cane wavelenzth. 
Li@ey GA corresponding to & = 1. 
2 2 


Free spectral renge (AN), © - ggg Y Er (3) 
Toe expresgica for the free spectral. range in wave mamers is sisp'sr, 
baling indapendent of wave number 
(A+), = 1 am at (3) 
tr" tose 
Now consider the application of ths interferometer to hydrogen- 
Geuteriua analysis with %,, Were 5. - D, = 1.786 angetrom. ta order to 
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APPARATUS FGR HIGH DISPERSION INTERFEROMETRY 


MERCURY 198 SOURCE AND MICROWAVE EXCITER 


ORDINARY MERCURY 193 
MERCURY 
FRINGES TAKEN WITH FABRY-PEROT LAM? MOUNT & MICROWAVE EXCITER 


INTERFEROMETER HAVING 43MM SPACER 
DESCRIBED IN TECHNICAL CIRCE. SO2~—1. 


The Mercury 198 source and exciter consists of tzc separate assemblies: 


oo a. The Mercury 198 electrodeless tarip containing approximately 0.2 mg. of Mer- 
cury 198 which has been prepared by transmutation of gold in a pile and con- 
tains no other isotopes. Argonis used as a buffer to enhance the mercury ex- 
citation. The lamp is 6 mm. in diarneter by 14 cm long and is made of Vycor 
#7911 glass. 


b. The Mercury 198 Microwave Exciter operaies +i « wavelength of 12.2 cm in 
the 2400-2500 megacycle band. Radio frequency energy is generatec in a con- 
tinuous-wave magnetron oscillator anc is carried in a flexible coaxial cabie to 
the director which concentrates the external radistion on the lamp. The unit 
has a maximum power output of 125 watts. Relative power cutput is indicated 


by a per cent cf maximum power mete: oi: the front panel. 


High-voltage direct current for the magnetron is provided by an AC-operated 
pover supply which includes separate plate and filarnent transformers, two 816 
rectifier tubes and a iiiter circuit. The input to the high-voltage transformer 

is controlled by 2 time delay relay, a timer and a Wariac which controis the RF 
power output to the magnetron. The trum pare! Preheat and Power Swiiches 
control the application of fitamen? and plate pewer :-spectiveiy, while adjacent 
pane! lights indicate switch positions. An AC operated motor-driven blower sup- 
plies cooizng aix throughout the cabir ct. 


‘Yhe unit is portable and is packaged in a hand-rubbed guericred cak cabinet 
measuring 15" x 10" x 11”. The exciter is designed for operation from a 60 
cycle 115-volt AG power source. 


The lamp rnount has an aperture of $" x 13” and is furnished complete with 
pedestal and water jacket. 
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PRECISION INSTRUMENTS FOR ANALYSIS AND CONTROL 


33 UNIVERSITY ROAD, CAMBRIDGE 38, MASSACHUSETTS 
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obtain the best possibis separation, it is desirable to have the tuo vere 
lengths seoareted by exactly cac-half order. 
a 1 1 
&s e s - mt (2 -? ) 
m-"S hy ” Bp 
This determines the reguired spacing t between the two plates. 
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st = 8 (5) 
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where 4641s the difference in wave nuster for the two lines. Yor ¥, - Do> 
AS = bs en) ana 


t = 0605 cu = .0237 inches (8) 


There are of course othsr solutions veparuting the two fringes by 3/£, 


5/2, ete. orders, and these requirc thickness 3, 5, stc. times as thick. 
Kowrver the tolerances on alignment, spacing, temperature control, etc., 
Gcrrease with thickness, #0 the chosen sclution is considered the sizplest 


in practice. 
Row the question arises ss to how many fringes does the pattern 


shift from aterepheric pressure to vaciua. The change ia order s.aber is 
of. - ws samrt 


Boar 7 vac * X 
For air, u - 1 = .00029, so 
Boar ~ Byvac * 0-95 fringes. 


Thus if the spacer thickness is afjusted to center tle i-fringe amotly 
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the slit ty evam=ting the chesber. 

he maximum value of cas # and of tha arder number n cccur et 
the center of the cirmular fringes pattern. For t = .0605 om, n, is about 
1837 waves. Integral orders from the normal comm at about 1°9', £°&1', 
3°25", etc. 

Phe cAvantese of the pressure tuming method, of course, is that 
one may pick up the light photoelectrically from a circular eporture at 
the carter of the vattern, and by verying the pressure in tho instrument 
scez the spectral vavolengths just this apertura, recording the trans~- 
mitted intensity versus presmure if desired. 

Accordingly, a vacuum tank for holding the interferometer was 
Gesigned and constructed. It was discwered that there was a scrap brass 
cylinder in the ,etal stores vbich came co close to the desired dismelons 
thet 2 coneidershie aaving in construction expanse seuld he achterei by 
etarting with thie cylinésr. The drawing ?cc reworking thie cylinder is 
shown in Schematic €R-2126. "igure 2 is a photograph of the finished tank. 
If 1b were mot for using the evallable brass cylinder, the diameter could 
have bean mais asnevbat cmaller. 

The siaple aneroid type prwesure gauge is an Aabcroft gauge sami- 
facture’ by Henning, Maxwell and Moors. It presents ateospheric pressure 
to vacuum on a scale of 30 inches. Ths otber fittings vere an inlet for 
the vacum pus anf a amell needle valve for aixitting air. A siuple 
Welch pump is adequate for this instrument. Eolcs were Grilled in both 
the end plstes and collimating lenses ware eeelad tn with fpieson "Q" 
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Baird Associates, Inc. 


putty tc verve as both window and lens. These aru not shown in the 
figure, but were added later. The input ceudeanser lens wes of atout 
@ inches focal length, and is not required “o be of particularly hich 
quality. The focussing lens was o fine achromatic doublet of 100 ca 
focal length. 

The inter?srcmstes ts the stanGard Baird Associates, Inc. 
Fabry-Perot Interferceeter. This instrument vas originally designed 
eimbler to principles suggested by Mr. F. 0. Westfall of the Bational 
Sureeu of Standards. 4 plotograph of the Baird instrument ic sham in 
Figure 3. 

The specifien etalon specing is .9237 inches. This is much 
oeelic> thm any of the standard invar spacars furnished with the ine 
strupent. It was pointed out in Talansky's book that in the man rfacture of 
erdinesy steel belle for beariags, the dlamrters are held te such close 
tolerances that these serve as the dost practical spacers for Yaary-Parct 
work et very low separation. Our spacing wis 8)20 scmpevnat smaller tien 
4c usually found in stoel salle, but inguirise to the various stcel ball 
manufacturere wmearthed two belis close to ths desired diameters. 4006 
af each size wore ordered: .C312 tuches (.78 a) ard .0256 inches (.65 mm)- 
The latter was usec for mst of tie work. 

A spacer plate hed to be made to bold the balls from roiling 
arous. The first one was mide of .020 dress and is show in Figure 4. 
Trouble was Ind with buckling, and better results vare obtained by 
eutting ea similar piece out cf a mica cleavage. 
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FABRY-- PEROT INTERFERGHETER 


id 


tae 
¥# 


ee 
m 


General. 


{ 

$ 

} 

k The Fabry-Perot interferometer is one 
E of the simplest high resolving power instru- : 
é tents which are available to tne research { 

‘g { 
&- worker. When the plates are coated with I 
a suitable materials the instrument is usefu: in 
: the infra red, visible, and ultravioiet. 

i Tne Fabry-Perot interferometer has i 
Pat Mary uses: the determination of absolute i 
e . ‘ he iat H 
‘: waveiengths, the refractive indices of gases; i 

the measurement of lengths, the widths of 

spectral lines; the evaluation of hyperfine i 
Bs ; structure. i 
iy c Figure i i 
: » \ 

y & 

F The theory of the Fabry-Perot interferometer is dealt with at length in the references given in the 
bibliography. Two illustrations of how it fits into an optical system are given below. : 
Fertures of the Baird Associates Fabry-Perot interferometer are tne remarkable ease of assem- ’ 
bly, a minimum of adjustments, and a holder which accents snacers fram 0 to 100mm. i 
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FABRY-PEROT INTERFEROMETER CROSSED WITH SPECTROGRAFH 
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Mescription of Instrument. 


The Baird Associates Fabry-Perot Inter- 
ferometer conslsts of two fused quartz discs 
with flat surfaces, spacers to hold the plates 
accurately paraile! a fixed distance anari, and 
a holder to keep the plates lightly presse 
against the spacer ends and to hola tnis assem- 
biy ln an optical! system. 


The plates, Fig. 2F,are {'in diameter and 
.625"thick. They are wedged 5 to 10 minutes of 
arc inorder tedisplace the weak secondary pat- 
tern formed by the uncoated faces. One face of 
each of the two plates is figured to at least 1/49 
measured at the mercury green line within a 
40mm diameter circle concentric with the bev- 
elled edge. The opposite side is figured to 1 
wave. Anarrow placedat the thickest part polnis 
toward the mcre highly figured face. The plates 
are supplied uncoated. Foruse a highly reflec- 
tive, partially transmitting coating is deposited 
on the figured face. The coatlng is kept within 
a 34mm diameter circle so that the spacer ends 
rest on clear slate The best performance is 
obtained withasilvercoating. Baird Associates 
can supply silver-coated Fabry-Perot piates and 
witli recoat plates on request (See pricé iist). 
Siiver coatings often have deteriorated substan- 
tially several weeks after deposition by the for- 
mation of sulfide. Because of thls many users 
wiil wish to have coating facilities available 
locally. 


The spacers, Fig. 2 C,D, and E, which hold 
the plates parallel a fixed distance apart are 
made of three invar reds press fitted into one 
or two Stainless steel rings 2.75" in diameter. 
The spacer ends are optically finished to VW10 of 
a wave of mercury green iignt over an area ai 
least 1 square millimeter. 


When the polished spacer ends are in opti- 
cal contzct with the inner surfaces of the Fabry- 
Perot plates a yellow interference color is seen 
that permits easy checking of assembly Stand- 
ard spacer lengths are 7mm, l?mm, and 44mm. 
Other lengiis up tol100mm are avaiiavie on spe- 
cial order. The variation in spacer leg lengti 
is less than 3/2 of mercury green light. 


Refererices 


1. Tolansky, S. "High Resolution Spectroscopy" Menthuen and Cr, Ltd. London 1947 


2. Candler, C. Modern Interferometers" Hilger and Watts Ltd. Hilger Division 1931 


3. Meissner, Kar! Wilh. Journal of the Optical Society of America Volume 31 (June 
1941) pp 405-427 “Interference Spectroscopy Part I" 


4. Williams, W. Ewart "Applications of Interferomeiry" EZ. P. Dutton and Company 


Inc. c. 1930 


The holder, Fig. 23, wich xeeps ihe iwo 
plates lightly in contact with the ends of the 
spacer, consists of an aluminum base riate on 
which is mounted a fixed aluminum piate. Into 
this fixed end plate are press fittedthree 1"steel 
reds. A second aluminum end plate slides on 
the three steel rods. One Fabry-Perot plate 
rests against 3pins in a depression in the fixeci 


end piaie. The clear aperture of this end piate >. 


ls a hole 1.375"in diameter. The nther Fabry- oe 
Perot plate fits into the slidlng end plate and is 
held ir. bythree springs. The spacer fits inside 
the steel rods. Set screws clamp the sliding 
end plate in position and screws adjust the spring 
teasion om ihe three spacer legs for the final 
parallelism adiustment, 


The holder has a cone-slot-plane base 
(Kinémaiic mouniing) ior tne precise reposition- 
ing on the ball bearing levelling screws of the 
stand. The outside dimensions of the interfero- 
sneter are 6.75" x 4.875" x 4.375". The inter- 
ferometer; stand, pair of Fabry-Perot plates: 
anc Imm, i7mm, and 441m syacers fit Into an 
attractive, compartmented oak case. Outside 


dimensions of case are 12.5" x 11" * 6.25". See 
photogrcohs, 
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Baird Associates, Inc. 
She optical arvocgemont is shown iu Figure 5: The fringse are 
fa foeus at the focal point of the 100 = coliumator. At this point a 


fence variable iris dienhrez= was placed. A field lins and fieid stop 
gathexes the light inte the 1P21 photomultiplier. Those served to elim 
inste 211 stray room light pot casing from the imerticte vicinity of the 
coliimator lens. The photcemltipifer gover supply could mupply varicus 
voltages stepwiee. Mowever after contrasis of sevural Inmired wore 
ovteised, it became necessary to 17:13:51 a room light shield aroun the 
ingtrupes., waich wes not in e dark room. A very setisfectcry Leeds and 
Barthye AceeGeesx was aveiisble at the letoratories for revoréing tha 
iignt as the pressure ves varied in the tank. This instrument has 
stendard scales of 2, 5, 10, 90, 50 and 100 microampures full sowie, A 
Reweon micsoagmeter with 16 and i100 aicrosmpece scaie wus also occasicn~ 
elly used. 

4 refinement which has not been added to the apperatcs as yet 
is a synchrooizeticn between the preswgure in tie tank ané tre recorder 
chart paper drive. ‘ibis me Gone by Jacquinct ant Dufour? in a pimdlar 
epraratus. 

3. WRURGE ste ITY DISTRIS PICS - COMYRASD, NESOLUTION AID TRASK 
OF TE FRIBissS 

Tolenexy gives the jenerel exprecsion ag first derivud by Airy 

fer the fringes tutensity distribution. 


re 2 eo Ss Seas (8) 
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9. Fe Jacquinct anf 6. Dufour, J. Recherches du #.8-B.2., Bellevue, &, i 
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Baird Asecciates, Inc. 


where 8 = (8/4) & t cos ©. 

A plot of this equction is shown in Figure 6, vith the quen- 
tities of interest merked. 

The retio of the maximua transmission to the minimum 1s defined 
es the “contrast” of the fringes. 
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Sie fectcr is important in deternining th: concentretion accuracy of the 
inatrusent, or its scnsitivity << neasuring very lor concentrations cf 
Seuterium, since the D light will be lost in ths background cf the @ fringes. 
Gta mintuum 4atenstty cocure talfvey between maxima, which is ope of the 
principal reasors for choosing an etalon spacing making D appear one-talf 
order from . 
Representative values of che contreet ere: 
Contrast Tetn! tee 
31.0 3.22% 
&9.0 2.084 
1.83% 
15a 0.60% 
5369 0.20% 
1950 0.06% 
It eheald be emphasized thet the contrast dupemtz coly on the 
reflectivity R anf not on ths transmission or absorption in the reflect- 
ing layer. 
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Whes we cons to Aiscuss the reduction of electronic noise the 
effect of the contrast on the xesolving power in the intexzity scale will 
be considered more carefully. it is the fluctustions in the beckgrovwnd, 
not the beckground itself, thet lizits the accuracy and sensitivity in 
intensity measurement. In spectrum unalysis one plots light intensity 
verwus wavelength. The contrast has an isporteni: bearing on the resolu- 
tion in the intensity scale. We now consider the resolution i= the Wave 
length scales, wiich we wil! call by the linited term “resolution”. 

The wavelength resolutic.: is limited by tie half width of 
fringes which cau de cbhiained, There have been a number of criteria 
or oomwentions weed for the resolving lixrit of dispersing inctrumente, 
but thay are ali about thu same. It sours most couveniont to take as 
criterion that tyo Lines can be just resolved if they are separated by 
total width between half muciz: fer cither. This criterion is uct greatly 
Gifferent from the well-imowm Rayleigh eriterion. 

From equstion {Sj for tae fringe istiasity istossuticn 2 
easy to show that the intenzity is cne-half when the order nusber n «= 
& t cos 6/> departs from am integer by 

(ta), jp 24 
The total width between half mxims, =scesured in fractions of en order 
of interference, is just twice this, and will be designated by 


= iz " 
aie (20) 
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Tels quantity le the xcaclving listt ig orders « 


I» 


SECT eS EROS y 
and is a quantity depending enly on reflectivity, net on wavelength, etalon 
epasing, nor engin of ossrwation. Jecquinct and other French workers 

in the field cave found {t convente:rt te defines the “finesse” F as the 
reciprocal of this rego ving iimit. Thies is « sonvenient parameters tu be 
tekes, a8 the figure of werit cf « Fabry-Porot interfercoste:: 


a-2-28 : (12} 
The resolving limit in wavelength or wve number is now readily 


ottained by wmiitiplying ta by the free spectre? sunge in werel<agth or 
wxwe mathe’. 
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(12) 

= 46 1 w= a 
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where n, = the order camber. 
Fhe “rescliticn” «es ordinartly defined in optical. prodless is cw 

Reostution = pho :f = mi (33) 


fhe "finesse" is alec a muber of furdarecxtal interest in the 
behavior of a Fatry-Perot interfercucter, become {1 fs app oxinetely 
cqual to ths aummar of interfering deems of approrim«tely equal intensity 
in the multiple beam interference. In othor wrds, the bewuis of number 
quater then B bsve teen diminished by successive reflection until thoy 
mee @ negligible contribution to the sum of interfering amplitudes. in 
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the tasmer-Gelrke intesicromster, for crample, there ave only a Sinite 
mwber of beans, but all heve unity amlituds, since they acc reflected 
et totel internal reflecticn. A Lummar-Gebvke plate arrenged to produce 
interference betwoen just N beams has similar prupertics to a Fatry- 
Perot interferemster with finesze HN. 

The quantities now which depend solely on the reflectivity are 
the contrast C, the resclving limit in, the finesse N. These are plotted 
vereur reflectivity in Sisure 7. 


Tn the case where R is .90 plus or minus .10, there is an approxi- 


604 a 


4, TRERNIQISS CP MAKING RSFLECTING LAYERS 


Tby relative shape cf the interference fringes in the Fabry-Perot 
Gepends only =m the reflectivity of the layers. If there {« absorrtion 
in the reflecting layer, as is alvays the case with tain motallic films, 
the transmission of the fringes is reduced everywhere by the sam factor, 
the first term in equation (8). Thus for the peak trenseission of the 


frings, ve can write 


a 25-2 - s+ 4-5 (us) 
Re P-8" Ga) 


sizce the absorption Ae 1 - R ~ 7. 

This loss in tranemission can 6G? course become sericus if ons 
is opereting in en energy lizitod situation. Such is very iikaly to de 
tim case of one cttaempts to observ: the deuterium alpha line from a 
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Semple with only « few hundredths percent Gevteriva. For tie bytrogen 
@iveharge will be wenit te stert vith if its line brordening is to de Rapt 
emall, end photomultipliers have considerably reéuced sensitivity et 
S2S2 Sagstronse 
in Figure 5 ic plotted the trensmission 7, of the interfero- 

meter for severi: fixed values of the absorption A. Following « suggestion 
of Jacquinct, ti: sbsciase is tim Tincssc HN, which as discussed above, is 
sramonttomet te the wescletion or to ths Squars cist Gt ths Guseiaaee 

Yer ecm= years it has bean standeré sractine to mks use of 
oveporated metal {ilus for the reflecting layers, espocialiy of silver 
and of ciumsinue. In this cage, one canes bold A to « fined value while 
R is increesed by increasing the thickusss of tho deposited layer. 2&8. 
¢ &, cmd ents f, ave thus fined functions of the thickness, This 
variation has beer investiguted or discuweed. by: 


re) anes ont a - oe 
Febry ana Butsso, J. ae Systgz: Z, 25S (2509). (re spetarsé silver. 


Timea ere obsolete, being inferior to evegorated silver.) 
Jobn Strong, Procedures in ifmerimentel Physics; silver ond eluminum iu 
the sed ani blue. 
Goos, Leite f. Phys. 100, 95 (1956). 
S. Tolamsky, Proc. Boy. Soce, O54 (2955)) Physica, O89, Desamer (2555)5 
Migh Rueclution Spectroscopy, Methuen and Gompemy, London, 1947. 
@. Dufour, Thesis, Faris, 1950. 

The values the varicus investigetors find for their practical 
eveporuted leyers are not eiways the same. Tais is partly due to the 
fact thet the tecinique of evenoration, sepectally the purity of the metals, 
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Bae &@ coneifcretie affect, However there seaca te be general agrecsent 
OO tis Yaliucs 2c. the region of eharply falling interferometer tranmris- 
sics. This tn plotted in Figure 9. 

It 1s further almost universally agreed that silver layers 
rapidly tarnish, suffering iin both fiucsse and trenmiission. This san 
berpen fn a matter of days. Cne case measured accurately by Dufour is 
ahown on the fitrre, 

. At wevelencths shove 4000 angstroms silver is considerably 
superior to aluimm. MJbwever silver bas e« transparency around 3000 
angstroms. 66 that aluminum i< such better in thie region, Alueinus 
in the red is atown in the figure. 

in recent yeare 2 mmber of investigators have begun to make 


use of a naw type of reflecting layer consisting of a series cf layers of 


Gfelectric of alternating high and iow refractive index, The history of 
this developasnt is somewhat hard to trace, aince a number of industrial, 
wniversity and government laboratories ail over the world have hed ex- 


tensive activity in ths various epplications of these multilayer dielectrics, 


and few tothered to publish much. Gue of th: most complete studies with 


reference to these mitilayers for Fubry-Farot izterfercaustry ie contained 


in Dufour's thesis cited above. The goeral theory of mitiLlayer intere 


ference was pbliched by Polster??. 
sideredle experience in this field, and some of this work is published in 


references cited above, and in a report ca another contract. 


10. HZ. D. Polster, J. Opt. Soc. ms. wD 1038 (1949). 
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Gr firet expsrimmis with the preesucve timed interferumeter were 
' Made with a pair of sliver cocted quarts platee which hagened to be 
svailable. Zovever, it was iumediately recogniesd thet the increscet 
finesse end transmission which could be obtained with the multilsyer 
reflectors would be vital ta.this difficult problem af resciving E and D 
light. We hed ordered some especially flat qusrts plates from walle in 
Berlin fer this job, and when they arrived, Messrs. &. Barr and 8. @ul- 
siVen of our evaporeting dsepeartaent initiated some experfzcste to perfect 
the teciniqne of mltilays: rebry-Perot plates. ‘The first azperiments 
ware on ordinary giase plates. 

Tf cone bes an interface detween a high end iow refractive 4s- 
Gex, there will elreaty be e consideradle reflection described vy Freeaoi's 
equations. Te fucther one stacks several of these layers together, each 
with en optical thickness of coe quarter wave of light, the several re- 
Tiectsing teems wili superpoee in phase end the reflectivity very ropidly 
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only « sfngle wevelength. Actually the general theory, checked by exper- 


fesse shows thet the ssflectivitrs i: bight and apprimimetcly coustest fr 


several hundred angstroms seach side of the design peak. Approximate for- 


— - ae . 2 . a. rept » a ri a. A a ie a is wus. his & Fay 


Perot; valid for any mzfer of layers crer 5, ware suggested privately 
to the writer by Jecqzinct. Tivwse axe: 


hon a, 
1-2-8 (2) (5) 
a Oy . 


where 8; aS H, ond vn, are the infices for air, gianza. the nimh end law 
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Gielectrics respectively, and ¢ is the total mbes of layers, end 
ze Ou as (2.7) 


when B, = 132, n, = 1.35, ny = 2.5. 

Our best results were obtained with zinc sulphide and an eqal 
w@axeure by molecular proportions of lithium, alumisum end sodium fluoride. 
This mixtura eppeared experimentally to gives layers of iaproved stability 
ani imtformtty. Pure sodium fluoride le scaswint soluble in 5,6 and 1s 
susceptible to imie. Gryolite, e mixture of 3 eodiim te 1 aliexinm, ap- 
suite ta te popeline une souks Wockere in 250 Fieidi The best estimate? 
indices from handbook values and from observation of the peak locations 


when the msterial is used as a spacer Ixyer in a narrow band interference 


Pilter are: 
ad-lel mix 1.36 
Grynlite 1.39 
a8 2.356 


Thess are averaged over the visible. The dicperefon is not large in thig 
region. Pure sodium and lithiun fluorides vere reported by Kohls" to 
have indices cof 1.325 and 1.39 respectively. 

Stone and Jenkins report thut it ie of considerable {muportanos 
to purify 2S by a pre-evaporation vbich presumlly beile off any free 
sulfur. In Seposition almost all workers determine tis thickness by ov- 
eurving the rise and fall of transmission through a moitor plete ‘nside 
the evaporating chaxber as the thickness is increased. Apparently sus 


11, Mobis, Amn. 4. Phys. 29,455 087)) 
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mccitor with a froch surface for each layer, while others observed tie 


tetal layers evaporeted to this point. The writer bas suggestes that higher 


accuracy in this moniter determination might be achieved by usicg « moni- 
we light et a differast waveiength than thet for which the miltilayer 
is designed, where cue could stcp depositian at the ==cima rete of 
charge of transriesion rather than on « orcad peak. This hee not been 
trie’ carefully as scot, however, 


agplying the Jecquinct approcination to car assumed indices, 
we obtain the following valucs tor the reflectivity to ve expected for 
So 7 ona 9. 
Buber of iayere Reflectivity Finesse 
3 8&9 22 
He ST 
6.4 190 


A five layer Fabry-Perot plate puir would be perhaps a factor 
ef two more trensparent tim silver, bit might *s somewhst more difficult 
to mbt, ‘The 7 and 9 layer reflectors sre considerably superior to sil- 
ver of the same reflectivity, The finesse bas becom: so high hace thet 
the flatness of the plites will be the chic? limitation to resolution aad 
coatrest. Actually it 1s not desirable to carry the miltilayers to fer, 
ae it becomes increasingly dificult to maintain uiforuity in thickness 
and good optical quality over so wany layers. It was decided to go abeat 
end coet the Helie quarts with 9 layers for use in the invecfercaster. 
xt was soon apparent that it would be desirsble to have accurate 
sans for testing the reflectivity of Pabry-Perot plates in order to 
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Getermine whether ths theorutical expectations of the miltilayer theory 
were deing acaieved. Also, it was of great importece to be able to 
measure reflectivity and flatness indspendently of each other, io order 
to determine which wes the principal iimitation on instrumental resolu- 

Qo first brite force approach to this prohles 4s show in 
Pagures 10 2n4 11. i tocgeten Veep; narrow pase ftitec, Weleh photoenber 
heed and mouct for reflecting pilates wore imilt inte a rigid system as 
stow. This enabled reflecting plates tc be interchanged in the mount so 
reproducibly thet the relative ratio of the reflectivities of two plates 
eculd be determined to about one percent accuracy. 

Again Jacquinct in the course of his very fruitful visit to the 
laboratories suggested an improved apparatus. This was describad by 
Giscceo™®, rhe instrumsnt constructed on this project is abow in Figures 
22 end 35. The procedure is as follows: 

ea. Heasure defiection with no plates equale EX. (Usually the 
Welch Densichron is just set for ccre density wder this coaéition.) 

be Then the deflection with the first plate will reasure 
Kr, (1-8). R, $ just the correction for reflection at the sir glass 
faterface, about 44, 

@. The second plete alow devlects KEL - R,). 

a. Thon with both plates adjusted in Fabry-Perot parellelisa, 
the &efiection is 


to 


ig. Picrre Giacimo, Ganpt. rend. Decezber 1952, p. 1627. 
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Thus solving, 
tC) 


ae 1 - Fi 


or if an approximate value for 5 is xm, 


1-08 Ch) 
Fhe advantage of thia mathod over the formor is that it directly 
mearares let rather than Ko Although the otiez equipment cova mozsure 
R to ip accuracy, the accuracy in i-R could become quite iarse, of & sas, 
f for example, ebout 95. 
The reault for the value & whee sxasuring through both pletec 


; ie obtained Feallly “rom sguxticn (9) for the trenemtesion of the Fabry. 


Parct. The condition js thet tha thickners of separaticn and tho width 
Gt Tbe wavelength bend in tic white source mESt bs SUCK that the cscs 
emission dees not appreciably cimnye over the fres spectral rang: cf th 
interfercacter. Ther, one is justified in integrating the intensities of 
equation (9) over one whole order, obtaining the result given. fhe cone 


: Gition en the thickness e «n4 the source width AA is 
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Adequate spacers were found by cutting azall chips out of some 
celivici4’ =cterial. The instrument wes arranged vertically so that ons 
goete coulé be laid Gown; spacers on it, end the second simply laid over 
the epacers. It is not at all difficult to deteramine wheth=s the tuo 
Plates are sufficiently parallel. A eneal! aperture just iarmer thes ths 
filecscnt image is laid on the stege and woved wrtil the image completely 


& passes thee a+. te chem ds : getse és 4 abe paates, 7 aittsles 2 


will be coserved. When the plates are paralle), al) these images vill 
pees through the aperture, which iz a1. thet is required. 


~ Although the method only givee the product of BBL, vith tires 
3 plates el) three R's can be deterained absolutely by measucizg the pro- 
ducts for all three pairs. 
By mens cf this apparatus, the reflectivities of our 5, 7 and 4 
9 layer plates vere meneured te be 87, 9 ond 97 percent renpectively, 


valt@e in good agreensnt with the theoretica. preticticn. 


- 
ak 


Scae cf the experinental gultLiayer plates are shown in the 
photograph pear the instrument for determining reflectivity. 
Ths resolution end contrast of tin: Balle querts pistes, ss 


Linited strietiv hy the wePlactivi¢tv. ware, Somes Agente ost shan 


cette eo 


was actually opteined in the Pebry-Perct fringes in Bs light. IM cz 
tius evident that the effect of plate flatness act cource line width would 
have to be investigated. 
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5. SYPRST OF PLIGNESS, COURSE VIDTA AND APERTURE SIZE 

Go ter the consideration of the relative shape, rueslution and 
sentrwest of the fringes has been limited to the <‘fect sf the reflectivity 
of the plates. It hes been assumed thet the plate thiciness t anf the 
wavelength \ vers site constant. When these idee! conditions ars not 
fulfilled, the distributica of plate flatness defects end of wavelengths 
in the source may contribute te fijage tromening ami loses of contrast. 


he affeat of the efze of the efwenter sooctise bo Pms the ohetesell ¢2 
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elao to he enmeidered. It is of interist to obtain the expression for 
the stecluts light cuargy treamiitte? through tie witire tnstrumsat, dow 
o& the peck and at the mizimm of the ‘rinse, for noise considerstians. 

Ip. my optica: aystem the total light transsitted is given by 
the product, cf source tightness by ths area and the eagvlar aperture 
OF the syutam, mpltiplias Sy any trenemiesion factsr. The smact apprese 
aicm for the abeolute enercy trananitted! br the Febry-Berot inetreert 
considered Gee ic thue civen by 


a 
ze jis Igit . A(t)as . One Gd . (B,C, t, 6) (16) 


Thies triple integral i: avec 1m the following wy. 4, is the spectral 
noes in “be range 46. It is comveniest to use wave mumber rather than 
wavelength as the variadle because the «xpression for order numer a is 
isnear 2a wave water, but iaverse with wvalength. A(t)a@ is the crea 
of the Fehry-Perot plates having thickness betwen t end tedt. The dis- 
txdtution function A(t) thus dcccribes the departure of the pintes fros 
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exact flatness and yerallelicm. F844 is th? anguler apertures of ths light 
es it pesces through the interferometer. That is, it ia the eolid angle 
sdbtended at the plates by the aruular ring in the imaze pleve of the 
fringys betwecn @ and ode. In practice an aqarture is placed in this 
plans eni ths light passed tirevgh this aperture to « photocell. Gene 
eiéeretion is limited tc centered annular rings {a order to have to deel 
with ouly a one dimensional ‘ntegral for the solid enguler erexturs. mh 
She sapetiments “hs apaxviss weer Glas 6 simple Garcia Opwcing, Ve 
the results aru cqually cimpie «54 generel for any anmuler ring extending 
T¥OM & tO Cy, ths cae Gitsneionsi integral in # being token betvew 
<nesee limits. The finel facter J is the transsiss!=: sf che interfero~ 
meter, whick hie deen previouzly given in equation (8), but which fs now 
rewritten in tarms of the variables « and¢. 


where f. 1s nearly one for multilayer rerlectors (no abeurption), 
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Taare exe four mro or less sharply peaked distributions in this 
triple intagral, the wivelengt® 4istridution, the Matuses distribution, 
the reflectivity limited frings shage andi the aperture trencuissicon; which 
oan be considered as em ideal square wave distribiica fn @. The width of 
each of these distributicns mkes its contribution to the overall fringe 
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wiéth. It is the purpose of this sectican to consider with ecews rigor these 
relations. 

The source shape is determined by exy fine line structure and 
by the Doppler broadening. A fev vemeris on the flatness 4istribution 
seem to be in order. ‘Thare arc certain ciemle tynes of thickness defect 
vaste Lest to afeple analytical distributions which can be casily treated. 
First, there may be racido= roughness of ths niates cn « retior emali 
BatisGecpec scala, Gas £6 ths soughness of the polisking proceca. Tt 
geems reescorabic to aszums that these defects have a Gaussian cistribu- 
tion. A eecond simple type is a vedge, i.e., a departure from paralielios. 
ix the aperture which is utilized is smu.re, it is obvious that che dis- 
txrivution of. thiciness in the wedge is « square wave. These tvo types 
eo? distributicn are indicated graphically in Figure lh. 

It is perhaps ouprising to find tast the distribution fer a 
SeRVeTSG spmecrica error, which is o comamn flataess error, when used 
with a cimilar aperture, is likewise a square wave, thue identical in 
shape to the previous case. 


Tt {a a? sensideradis conveniience to wake a chen of the warladle: 


of integretion in the general forms (15), eo that thickness, weve ma- 
Dex ama angie © Wall be Fadixcell to the sik: Giwensions cad can Ge Guabiasrwd cn 


@ commen level. The ooller meer n cf the interference is an idaal ver~ 
iabic for this purpose. We write 


tot, +t 
Se Gos" (27) 
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FIGURE 14 F 


DISTRIBUTIONS OF SURFASE DEFECTS 
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& 1. GAUSSIAN DISTRIBUTION OF MIGROSCOPIC ROUGHNESS 


dt = FRACTIONAL AREA | 4 
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HAVING THICKNESS| Aj.) | KE SAydt#As TOTAL AREA OF PLATES 
BETWEEN t AND t + dt | 
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2. WEOGE OR SPHERiGaL DEFECT 
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AREA GF PLATE HAVING THICKNESS BETWEEN y AND y-+ dy = 27Vxdx * 2% Rdy 


FOR SINCE y= Pe Rays xGx 


R= RADIUS OF CURVATURE 


NORMALIZATION: A® xq) © 270 Rata» 
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weare 6. : Gam @, are the average vslies of theirs respective distribu 


tiene, ena the prised varieties are the svzli deviations. Than the ex- 
preesion for 5. to the first crécr in tie small devieticns, tbecomes 


n= u(t, + t')(6, + otf ° z(0, + ort 


be {®t 60 - 3, ey  Qif.t! + But 6 = Meteo 
which ve write as 


? + - 5 
a2-n,* 4, ar a 


iztecéucing ths variables n 2s the equivaJanxt cciier numbers cf the vericw 


Gavistions from rn. That fx 
n, * 2ut, ga - - 30,7) 
ma, = a6! 
ag = Sit 6° 
7 &6,t, 0,0" 


006 


This clasge cf variables is then introduced in equation (16), giving 


Re = ) J J T(ngdins » A(n, din, . fn, . I(R, 2) (19) 
a 


It is amsuned that the dictritutions J and A bave been re- 
expregeed with n us variable, saintaining J(S)4¢ = Jing)dng and 
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A(t es s a(n, jam, « Thie requires 
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She tripie <utegral still seems foraddable. Ths integration cover apertcs: 
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y cen be reserved until iast, «ince the distribution is eluays jartectly 
; equace wave. Thus for the distribution of exergy in the plene of ths 
: image, Gas bas 4 
p aa | Sido, Aon, » ris, a) 1 
3 One interesting conclusion may elreety be stated ebout the dis- i 
tribuiion in the aperture. Since I(n) is periodic and repests exactly | 
with ouch integer, the tate) scongy passed throwsh any annular ring is F | 
« dependent coly on the fracticnel value of = at the two edges of the aper- F 
: ture, That ie, in the multi-ringsd pattera of Fabry-Perot fringse, the 4 
; total energy in cach ring is the eure, clthough the diameter end width : 
* ei the successive rings very as one moves out from the center. Tixis iT 
recclt is simply Gus to the fect thet the areo in the image plane between 4 
3 balf maxims points, for exiple, ic the erme for all rings. 3 
If the width of the J and A distributions is emi compered to } 


the width of I{n), we obtain wore rigcrwusly the results stated in an 
earlicr cection for the reflectivity limited case. The value of I(n) is 


tine osanibly coastent orsr the runge of variation of ne avi n,, anh the 
< integrals are sqarebie. 
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A« (ain, aa, «{ A(t)ét = eree of interferometer plates 
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2 =f sea ~ integrated line brigitness 


Now it does not matter how narrow these distributions may be, #0 long as 
they are narrov rith regpect to I(a), the fringe energy will still bave 
the same shtpe and absolute value. It is further clear that the enevture 
may de opened up, with inemeese in the total peak esergy =22 vithevt 
Gecrease of contrast, until the peak energy begins to fall cff. Theat is, 
the proper aperture is the one which just ebout subteude the half width 
of the final fringes. Tae rigorous integrel® of rén for this sparture 
gives fon, and the coutrest is rethced from its peak value by f. 
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This integral. is found in Pierce's Tables, formula 31k. The result is 


SE Oe + 


- 4g - 


For high values of B, to, = Ecc 1, and tan 6 ~6. ¥ance the integral 
2y 
is given fairly closely by 
éya o1 1@R 
Snip - tan r 


Fron R = 80% to F = 100g, 222 a6 very close to i (within .01). Tho 
2 
angis whose tangent ie ome ic </4 radians. Bence 
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Tins tha absolute available energy end ccotrast for scnochromatic 
light end flat plates is 


‘ ta, = Sa, $20) 
- 


Thus one cau ieprove the contrast, but at the expense of onergy 
by increaesing the riflectivity toward wity. Eventually of course coe 
sust reach the point winre the reflectivity width ta, is less than either 
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E the gcursce width or the fletness defect. It is of interest to investigate 
4 this case. By a similar argument to the ons used above, it i2 evident 
thet only the wider of the two distributions will be cf interest. In our 
e experiments, for example, it is fairly conclusive thet the source width 
is the liziting factor, about 1/12 order, the plates being fl<t to at 
e leest 1/60 order. 
The required intesral for the total energy ia now 
{ 2 A i .. 5 
Es } Ea * oe ie S sapere riz. = ito 
We consider the case whea tha wicth 62, of I{R, n} is mich isss then the 
® width Sn. of Jing). We iategrate the exprsssion in brackets for two 

Caoices of the anerturs, Tirst at tis peak, thea at the minimum midwey 

between fringes. First, at the paak, I(n) varies rapidly while J remeins 
r ronstant. Thus the bracket integra) becomes 
‘s s(n.) eas 
: wile 

2 fringes 

e But since I(n) has a peak of wity or 2 balf width ta,, this lest inte- 
ia geal bes ths apgyrodimate Velus cape Tue izinge shape is thus J, tbs 
i 


source shape. This time the acerturs aight es well be onanes tc the half 
With Ss = Sug of the source, ond tiw peak avniiacle exargy has the <p- 


proximate value 
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This is the sama as obtained in the previous cace. 


&t the minimm of the fringe I({n) changes very slowly, so the 
bracket integrates to 


Tain J Tlagidng = Ta, 8 | 
ent Ti = Ves €, = ideal reflectivity limite somtrast ani the total 
energy for agert=s © tng is 
ong 
“2 
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Bescs, ths sMfactive catrast is 


r e- ga. ty Gee Ok H,Ms (21) 
Tpos the reflectivity contrast is not obtained whan bo, < Sng. 
Conclusions: 
(1) The total eneray in cach Fubry-Perot ring is the seme. 
(@) the total peak «tsrgy is in absolute value approximately 
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oF oo, = $F (2 - 8) (22) 
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ee RB © source rightness, A» plate eres, ———~ R . eftective enlid engle. 
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: (3) If the fringe width is purely reflectivity limited, the contrast is 
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(&) If the fringe is source wiéth limited 
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(5) Given a errs Lins width, ths optimm resolution, epergy and contrast 
are achieve, vhen th: plates acs at isast the same fletnscs or better, a 
the reflectivity an? aperture setting satisty 


Sa, = ba, = Sn 
6. TSSTIRO THE FLATHESS OF FARRI-PERO? PLATES 

At tna start of this project there were e number of quarts olates 
available which haa been prepared by Mr. Wag Bergbol of Arlirgton, Masna- 
chusctts. Mr. Hargbol reported that at that time he hed nc facilities fer 
tiwsting flats to better ther. 1/30 vringe of light, dut tit those pieces 
were at least this flat. Inquiries were mide oi nuvercuse sources of quarts 
fists. Wilger in England asé Sallie in Berlin thought tiet their nictes 
were flat to at least 1/75 fringe. ‘Two plates were ordered from Malle. 
The Wileer plates vers considerebly mre expensive. 

It was considured desirable to Ye able to test flsts in our 
iaborateries, in order ts test the claizs of various producers. in order 
to deteruine +o what extent the Pabry-Perot resoluticn would be iimited 
by flatuens, «nd further because it wee felt that the iceal exolia, 
Mr. Margbol, could mke plates as well as anybody if be only had some 
Beeme to test the soresrscs of bts wack. 

There are 4 cuzher of methods for testing flats which have bean 
Gescritsé in the literature. Almost ell are based cu some storm of mul- 
tiple been interference fringes produced when the plates ere coated with 
highly reflecting surfacus and sounted with a very slight wedge between 
thems. Two simple optical cystens for obearving these fringes are sketched 
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& in Figure 15, ane in trenewissica and one in reflection. In trensalssicn 
3 nexrow light fringes on « Gark teckarowé ere produced, ond in reflection i 
‘ werrow dark fringes on @ light background. The trensstissicn method ves i 
: consicered simpl<> ent made use of. 
: The first tests wars mae with silver costed sletes. Pho fringes 3 
: were too wide for cccurate determinstica of flatness. Typical results 3 
5 axc iaiicated in the photogreph of Figure 1s", fhe width of those fringes 
esanc’ to be about 1/10 the fringe seraraticn. ‘These ig little obsuv- 
eble Gperture frou straightness, but it would be hard to dstect betier 
trem 3/20 Srings with such wide fringse, 
ame of the best discussions of th: czaiitions ts be et te 
_ sg ecbieve nurroy fringes for plate terting purposes is four’ ie olassky's ) 
"Woitiple Seam Interferometry”. It recrires multiple bees interference 
to produce fringes narrow with reenect to their seperation. The fringes 
are produced chen , 
ie Br = Bit cos @ 
: Phere are three varishles (csuuring 4: constant), t the plate seneration, 4 
© the angle of observation and \ the savelength of the illumination. 
If t and »% are bald constant we hewe frimoes cf squeal ioclina~- : 


tics. iss axe the Fabry-Perot fringes, with vhich most of thie report 
ie concerpsil. Tue trenmpeiesiog varien with ¢ wei the frisizcn are thers- 
fore fovcssee4 at inzinity. 
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& Sem of the early work on flatuses testing at these leboraterics is 
€ reported in detail in o earlier technical report, reference 6 
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: A. PLATE TESTING IN TRANSMISSION 


ead wart Ae 


COLLIMSTOR 
? AND 
f ‘ + GAMERA 


? 
3 PINHOLE 
H SEM! i 

| TRANSPARENT 

SOURCE 

‘ CONDENSER | ae 


PHOTOGRAPHIC PLATE 


B. PLATE TESTING IN REFLECTION 


FIGURE 15 
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$s there is no wedge (Fabry-Perot) then t can be large (t.e., X is ecali). 
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if @ so4 4 acs held constant the same fringe-intensity Gistritu- 
¢ion resulte (equation 5), vu> tne variation with t is obverved. Thess 
are called fringes of eq:e) thickness acid tae fringes are focusesd ap~ 
proximately in the plane of tho plates. There are ths frinces then that 
are useful in observing the flatness of platas. 
The third types, with t and 4 constant, A variable, Tolensky caiis 
_ fringne of equal chromatic order. 


Actually, in ths presgare ticing method, the fourth variable u 


There ere Tour conditions waich mist be satiefied in ortar to 
ovtain the sharpest fringes. 


a (1) The fringes cannot be narrower than the reflectivity limit 
Gigcussed shove 


a a 
(2) The absolute separation tetween the pletes gust be kept 
wery mmall, This ig because of the wedge introduced to produce the series 
oY fringes ecroiss the face of the plave. As @ rewulit the phase change 
for each successive beak i5 the multipie interference is not the sam, 
as in the perfectly parallel case. By detailed consideration of tits 
effect Tolanaky shows that the absolute plate separsticn mut te less then 
ec tite” 


where X is the number of fringes per centinster acroes ths wedge. When 
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(5) Above it was stated that @ is to be constant, j.0., paral- 
del light. More Getaileé consideration show: thet the = liipstion mugs 


be at least 
aS 


(4) ‘The source widh mst of courage be loos thee the refiec- 
tivivy width. 
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in the first attempts tha principal difficulty was with the 

poor reflectivity cf the ellver. This vas reandie’ by costing ths Salis 

® pistes with nine miltileyer films, having a reflectivity of ebout 97%. 
This gives a theorwtical frings width of .01 fringes. fhe other three 
comiitions were mt, and the fringes shown tn Pigure 17 ware udtained. 
These are dy the optical arrargenent of A, Figars 15. . 

These frizses were quite sharp. It was estimated that the 
width was st icast 1/60 fingc. Om the criginel plates fine microscopic 
wiggles can de detected which are prvouned to be the gicrorscopic rougn- 
seus of the plate. ‘The central portion of the plate seems to be flat ‘to 
arsund 1/80 fringe. There is e sroneunced rounding of the frineess toward 
the sdge of the reflecting layers, whica vere about 1.4 inches iasster 
ow the @ inch plates. It is not ksown whether this roméing off ie acs 
to leck of plate flateess or whether it may be caused by non-umifurnity 
of th: eveverets4 miltileyers. Further study of the uniformity of laying 


b4 . down cine dielectric layers would be reguired. It was evident however 
ms ; : 
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that for the cantral portion of che plates, the flatzese would be less of 
a iiaitatica on the bydrogen-deuterive cnsiysis chan the actual wieth co 
the hydrogen lines in the source, 

Te ITHPROVING RLRGTROMIC SIGHAL-TO-NIBE 

Tbs work ca the testing of Tlatners and reflectivity is the Foury- 
Pezot plates was now convincing thet tie resolution vas linited only by 
the actual source widt*. What was being observed vas the muggles browened 
Sine structure of the Rar line, the source brocdenine haing = large thed 
the seven actual fine structure components were observed merely as two 
broad lines just terely resolved, tot is, highly overleype:. 

At this time recorder traces as indicatod in Pigure 18 vora being 
cbiuined. The coutrast, thet is, the ratio of the peak H intensity to the 
minima ¥-fringe intensity at the D position, vas shout 240. (Dark current 
dak ectn wivey Lik wate 6t course euberectet dot.) The cample for Fig- 
ure 15 wes prepared to approximately a deuterium concentration of 0.5%, 
and the ratio of the D-light to the H-Light was epproxizstaly this value, 

tt wes epparent that furthss simificant gains in pushing the 
concentration sensitivity to 1 wer dewterius conceartretions would be ob- 
tained only by improving the slectrani= technique of reefing the D pesk 
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vious that tbe beckgrou4 itself, if it were constant, is no obstacle to 
Safinive censitivity for it can be merely subtracted out. Wheat wd ale 
tinetealy limit the seusitivity is the fluctuations ic the backsre=und. 
Theoraticaliy, if one could alininste all other sources of noise, the 
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: Dopplexs broadening of Bx and M ere disc-sesd 
in the preceding Technical Report under this contract, 4ated July 1, 2953. 
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ultimate iinit would be set by the shet; effect Tluctustions in the elec- 
trons emitted from tha cathods of tbe photcmltisiier. Tae magnitile of 
; this effect is well imown*, 


The rue fluctuation =oise in the cathode current is siven by 


0)" 

(at das \e- 

where I is the average cathode current, ¢ the charge of the cisctron, 
andT’ the time constant of the overall detector-indicatar. the cwrent 
I, can of course de expressed as the procuct. of the avallabis light 
Tiux F by the absolute sensitivity 6 of the photo-cathode, and besides 
these two factors, only the tine constant influscces tie wise isevel. 
Ths ope cm increase the signal-to-noise ratisc oily by increasing the 
light flux, the photo-cathode sensitivity or the tine coastant. 


g > a (ey exe 

WTS "Ves Ve. 
In the photcmiltinifer the gain of the cynode stages is simple amplifi- 
cation of the noise and signal by the same factor G, so that the signal- 
to-noise is not changed in the ancce curvent. BKowever aince the csthode 
current is not readily messured, it 38 perhaps ccuvenient to record the 
noise aqrations relating to the ancde current I,. 


oi/e 
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& Gee, for exemple, R. W. Engstren, J. Opt. Goce Ate 37, 420 (1967) of 
R. O'S. Carpenter, J. Opt. Soc. Az. 40, 225 (190). 
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E This hes the saxe numerical value es the sascossion obtained i 

. ehore, but it is usually Jeborious to measure the photemultiniier cathode 3 

surrent end shzolute essitivity. With the last expression cue mist | 

extinste the gain G. A rough velue can be obtained from the BQA bend- ; 

z book, but too such reliause should not be placed on it because of the : 

tresenfous variation in gein from sample to sauple: i 

The above expressions for 6/8 assuse that the entire cursent son- 4 

siete of the signal. When thers ars extraneous curzants efded to the . 4 

signel, evch as photomuitiplier dark current or rows stiey light, the ; 

5 above expressions for 6/H are tc be wul2iplied by the retio o° the sigual ; 

current tc tue total current. : 

B Therefore the photomultiplier and recorder system were criticaliy 
investigated in order to determine the limiting noise factors end the ul- 

timate consextration ewssitivity which could be obteise? in borcome- 

e deuteriua detarminaticns. ‘The nope vas tc be eble to reach the dctection 


of tae Geuterium existing in ordinery water, nemely .01S percent. 

A first difficulty appeared decause the aadiaim scsle senaitivity 
of the Leeds and Northrup Speedomax being used wae 2 Sistost™ eres full 
scale. This strip chert recorder is “dest” for deflections less than sbout 
G.® percent ef Nd scale. With this scale and 1000 volts m the photo- 
switiplier it wes just berely possible tc observe fluctuations im the trace. 
Therefore it was desirable to increase the sensitivity of the recording 
system. This could be done in tw ways. The photomultiplier voltage, end 
hence its gain G, was increased. Soon the safe limt of 1950 volts was 

r reached. The input circuit of the Speeccsas wes investigated to see whether 
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its sensitivity could te increased. It was found thet a simple change 
vould give ua a factor of #, or a} aicrompere full scale setting. It 
er wopeared thet any further gains would be ‘iic;-consazing tc that the entire 
cou; ling end damping input network of the recorder would bave to be oom 


: pletely redesigned. 
Z Although ve would have preferred to be eble to go further with 
the increase of cein, ccoisidcrations of time and expanse precluded this, 
4n view of the fact that with these sisple changes faiziy considerable 
noise rluctuaticas vere now detacted. Thess are show in Figure 19. 
Tow Cites trace sives a currant of approximately 0.7> micro- 
aweres on the 3 iicroampere scale. This current wee derived from a dry 
’ battery enc resistence and siovs that there is no noise introduced by 
the recorder. The recorder alec shoved cs cead xct or overehoot within 
0.2% full scala. The next trace is a light sigaal fros a tungsten leap 
a operated frome storage battery, which is kao te give o highly etable 
be. and noise-free light flux. The gretual drift in current may te fatigue 
gee of the photocell. At any cate, tae noise fluctuations are quite lengs. | 
os The evecesiing trace shows tha reduction of thie noise whan the tize 
i constent of the recorder is increared by elaply comuecting two 8 uf ofl 
ee cepeciters Im parelie! acroen the inoue lenfe. The affactive ingut ree 
Hi, 


aistance of the recorder is about 70,000 ols 6o that the time constant \ 
can be estimted from the R¢ valus. With no externa capacitance the 
time consten: is abeut 1 second, Selag linited th by couse internal capa- 
city end by tis inertia of the mctor-servo system. 
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0.75 wa FROM PHOTOMULTIOLIER. 
1250 V ON PHOTOMULTIPLIER AND 


FIG. (9A 
0.75 wo FROM DRY BATTERY. 
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=. Three other gzources of sciss were cote’ at various times. Varia- 
a tions in pimiomiltiplier gain dss to Line voltage fluctuations were prec- 
; tically eliminated by use cf « Sorenson voltage stabilizer. 
3 Stray roou Light became significant vhen attempting <o measure 
low concentrations. Most of the light reaching the photomultiplier seczed 
e to be from reflection off the vacuum chanber holiing the interforometer. 
The vunvented light reaching the photomultiplier was reducaii to a negligibie 
szeunt by putting the pkotcenitiplier ie a long bor with a varisble irie 
Sust in front of the interferometer focussing iene. This iris also acti 
at the limiting aperture for the Febry-Perot interferometer. 
da Ths aicrowa 2 exciter used with the lemp wes also operated fice 
- @ voltags reguiator but ths magnetron output still hed an occasional dip 
which results in a sharp intermittent pip on the recorder izace. This dves 
A not interfere seriously with the neasuremente but is certeinly not decir- 


After the noise retuctica work a sample of epproximately 0.05% 
a. > Was prepared. 


= Two limitations of the quickly assembled equipaent yueed Zor 
é these prelisinasy studies becase syparcot. Piret the interferometer 


apacers arc 0.65 ma thick. This gives s difference in order detween ix 
anf Da of 0.58 order instead of the differance of 0.50 ordar necessary 
to put D maxisnm at the K ainizem. For an 0.05% cwnemtretion of 3 and 
a contrast of 200 th: ratio of D to M,, is 
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Since the HE fringe increasee by a few percent over its minim at .5h the 
D maximum is seen as just a bulss on the side of a sloping ling. Since 
the control of presmzre cheng: is rather crude the recoréed traces are 
not linesr with precsure (or order}. The rate of change of pweestre con 
ceuse on irregularity i: slope which may be discouraginczly similar to the 
D maxieus as in Pigure 20. 

the edjustrant tc yorallelisa of the inturferomter pistes is 
Cleaely related to this difficulty. The pavallelics of the plates is the 
only factor affecting the coutrast which is likely to change in the short 
time of a few days or weeks. Besides the obvicus effect of making the 
Dax! Main Tatio smaller it also changes the shape of the fringes apparently 
in a say that 2s not helpful. The tracs in Pigure £0 was for a contrast 
of about 130 and a D> concentration of 0.03%. The trace in Pigixe 21 is 
for the sams conditions wxcert that the interferometer had been adfusted 
oo thet the contrast was 210. Bere the D, cam be secon quite easily and 
Dias! Kagx 18 sbout 9.05%. Kowaver +he elope of the E background makes 
the measurement of the D peak rather difficult. It is definitely of srvet 
iugertanca to obtain ball spacers of the exact required thickness. A 
manufacturer will probably have t< dv azked to Dake & spacial rm. 

fhere was not encugh time to make = series of runs with rutural 
vater but one test seems to iniicate thet the 0.016% D concentratic: is 


Gatectetle with the present equir=nt although it cect be measured 
with mech eccuracy. 
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. COMPARISON OF TER UUMINOSISIES CF F225T-FRROZ, GUATING, PRISM AED 
WLARIZATION UNTSRPSHOMETER 

in evaluating a variety of Sispersing ingssrumusta for we in 
wpectrocuemical enclysis, one of tha points of interest will be ths rela~ 
tive ifght gathering powss of hs various instruments, somutimes called 
the "luminogity”. This is particularly true when cne wishes to measure 
quite low comcentreticas cf en element in a source which 1: inhereatly 
not particularly bright, in otha words, in an enecgy iiwited situstion. 
Shs inmincsity my then dutercine whsther the elecitreuis nolw ie lizited 
by tho pheten shot noise. or by noilean aricinatin: in the detartorosmiifier 
eceination. 


Tie geuereal formils for tis sGargy Getiering power of any opti- 
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where B is the source brightunas 
A is the arwa of the cotiscal bees 
@ is the calidad angular divergence of the deen 
T is the relative transmission of the acsvem as limited by ebsorptioa 
or reflection. 

Thie formulas will be applied in turn to the Fabry-erst intervero- 
meter, @ grating spectrograph, = prisa spectrograph, end the polaritstion 
interferometer. Fince B refers ty the source, ad cmy be essumel. to be 
the seme for computing dispersizg elenents, the figure of merit of tha 
dispersing elements will be the luminosity, defined as 
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This quantity will have the dimsxsions of erea- 

The luminosity sf? any instrument will dspes* ca the ssealimion 
which baa to de achteved. Xt will be assumed thet the probles requises 
@ rrwolution R= A/8a, and that oll the scurce anergy ie in 1 bent emailer 
than SA. 

i. The Fabry-Ferct Iuterfercnster 

Fre work of calculating the apccture ani iusinosity af toe in- 
etrumest bee alread been nerformed in the preceding section. The result 
Por the total energy passed was. 2 


Sovever in an aearlicr section of this repert, ne ves fous to be che 
resclutica R of tha system. Hence the Suminosity of the Fabry-Perot is 
given by 


Las (@) 


Rote: the Zector Ty © 1 ~ 7y"py bas boon left out on the eseumption that 
wane-ebsorbing multilayer reflectors axe usec. For eiiver or other ab- 
sorbing reflectors this factor should te included. 
2. The Grating trogre- 
Yor the grating spectrograph the solid engie of the grating as 
goon by the exit slit is 
—_ 
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whare A, is ths area of the grating rulings, 2 ths angie of diffractiae 
cal f the focal lemrth. 

The transmission factor of the erating varies considcrebly fice 
g@rntive to greting, and with weeslength, order, blaze. ete, but for a 
properly chosan welicbiased geting might casily te abcut 50% at E alphe. 

The area of the slit ie of course simply its width tines its 
leagth. The width is iinits’ by the -esolution Sssived ani the Gisger= 
aton. Tae dispersion is civen ty 


n> = a(sin i + sin r) 
& Ld a 
= eos r 
& "FE" th, 
3 Where r is the augie of diffractica, 5, is the order number, a is the 


grating Jine epece constant, To achieve resolution R = A/MA, we aust use 
a elit wicth 
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F 
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ne cam be eliminated by means of the crating formula above 


f {sin 1 + sin 2) 
% 328 ST ee 
be. m= F cos > 


The length 1 of the siit ie commoniy of the order of i inch. 
It je limited usually by the fact thet above or below the plane of the 
Rowland ecirsle, the estiguatic imaga lines becouse not perpendicular te 
the Rowland circle nor parellel to the slit. For this reason Festie™” 

g devised a typs of urating mount originally proposed by Ebert with circular 
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235. Willian d. Fastie, Je Opt. S0ce Ail. he, ei, Ch? (i952). 


sewenme Bese Bene eevwvseeee se@ueees* eweweunswe esses wsesernF 8» ® 


pepe 


lla cana iene eae eee a 


Senate OYEES 


nan &) x 
Saira Asscciaten. Inc. 


rether the, straight slits, with entrance slit end exit slit symeetrial 
with respect to the gretiog, in which the slit length could te increased 
te 4 inches and more witht ostiometion troubles. Hence th: final re- 
sult far the luminoeity is 


TA 
Le fat n ~88 S (sin 4 + sin 4) 


fais result is less than the luminosity of the Fabry-Perot by «pproxiantely 
1/5f, Ordinerily one wold expect sbout f = 40" (i meter), 1 = 1", or the 
greting is about 1/800 as fast. As pointed cut above, astiguctis: usually 
restricts the slit length. 

3. The Priza Spectrograph | 

In the ceec of tis brism the Gerivation wili tb asitted. Sut 
in tne case of minim 4eviation, which is e conditices for seximm lugin- 
oslty, the result can be written: 

be ERSS 

The lineinoeity 4¢ again licited by the slit lergth factor, and aleo by 
the final. factor Japending on the dispersion of index. The eres A, in 
the atove result is the area of cone cf ths faces through witch the ligt 
pessss. Trypicet. veluss for the dispersion tector * # are vatveen O21 
aw 0.01. Ho sbsorpticn losees axe included is the above formula. 

k, Polarisation Interferometer 

Za the lest technical report suteitte( uséder this project 
(dated July 1, 1953) an interesting ‘nstrument for separating I and D 
light was Gfecnesed. bassd on the dispersion of birefringence. This was 
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calied the polarisatias interferometer. The light was aot ectully cise 
peraea in ordinary spacs, Sut the BW aud D light wes pelartse¢d et right 
angles << eech other. In this section the lumincsity of this system is 
Qcamured with those caput)! shove. 

Taie comparison is inci406 in this raport for comaletencas, 
end alwo because of the interesting properties of the polarization inter- 
ferometer. The interested reacar may have to rafsr to tne detailed dis- 
cussion of the last technical report Tor the Gefinition of 2ii the termin- 
ology. 

if polaroids are used for the three pilerizers their transziss202 
Will be about .50(.70)? = 17%. 50K te lost in the initial poiarisation 
of the light. In order to get a high percentage polarizaticn, fairly dense 
polaroids must be used, so trat the transmission for the parallel cosponent 
will probably sot exceed 70%. Herce 


— 
* by, 3 


Other sourcee of joss in transmission will be reflection lossee, 
@lass ond crystal abeorrtion. Thase vill de amll if the system 4s im 
mersed ir ofl, which will probabiy to necessary for temperature control 


ae 


The engular field of thesas x-cut orystal plates has been de-~ 
scribed by Evans". For the eimple plates witheus the fial4 widening 
technique the phase retardation as a function of the angle of transzission 


through the crystal is given oy 


14. John Ww. Evans, J. Ot. Soc. Am. ay 229 (1989). 
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where 9, © are the polar crordinates of the angle ot incidence, Bye 3, the 
ordinary end extrnordinary refractive indioss <¢ ths unfacial crystal. 
For the Lyct-Evans type field widened systas (tno plates of nlf thick~ 


neas separated by a belf weve plete) 


2y : 
az _1\ 
= % {2 +e-(E - 3») 


Hence the minim inprorensnt by the field widening (1.¢:, ratio cf 
angles of incidsacs hiring seme 4%) ie 
{ on. y2 
a), Owe 
sf kl Yor calcite 
18.2 fer quarts 


The above formilss give the deviation io reterdation for the ray 
Seviating from the norman). by 9 Gegrees. If wo conmsicar eo circular conc 
of rays having a maximum angle of incidence cr 6', the average diisticn 
Seeger 


(a%) {x /n01} ( r” ony ar = $ zat 


o 
Yo fa 2% 
k te, ( 3, a) locrrested platee) 


In other words, the average 47 is one-half the maximm A’ for « circular 
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ecne of rays. Tae rolid uncle a, of this ccue is 


4 
@ = 26° 
Pp 


mace Over tas come of divergent rays, ¥ variez from ite mean value to 


5,t (a8) ° The solid angle pecmitted, and heuce the light gatherins 
power depends on the permitted variation in AU = 45. 


din n* a, (42) 
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300 for calcite 


5,150 for quarts 


fiince the resolution R will be Efe, the general result for the luminosity; 


will be 
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With % = O17 the ratio of tise luminesitier cf nelerieation and Fabry- 


Parct interfcrometers is eyprovimateiy 


if 2 
out {** 20" el 
7] ( a - a J) 


35 for AIP 
10 for calcite 
1% for quarts 


The luvinosity of the polerization interferometer <3 thus greeter 
than ¢hat of tho Fabry-Perot, vhich is in turn more luminos then the grating 
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o prise. it was pointed cut in the detelled disctiiwion oi tin isst 
teclical report that the disadvantage of the polarisation metiod wee 
that for high accuracy it wes restricted to tw rerfsctly monochromatic 
lines. Tne higher isinosity say serve to reseie this instrument for 
practical use where luminosity is a heavy requirasat, where ths lines 
ere qiite narrow, and wiere the bighnet aceurascy anf contrast ere not 
remicsi. 
10. SOUR€E ARD SAMPLING METHODS FOR DETERIUM ANALYSIS 

in order to use the spectrocherical anelysis set:hod on hydrocen- 
Seuteriwe: witercs, the sample aay bs 22 the fers of either Epiresss eas 


or water. Either the gas or the water vapor may be excited in en electrode- 


less discharge: 5 siectrcdsless dischargs in 6 Gass tube is pasterzved 
vecacss of the possibility of contamination of metal electrodes. Gonsid- 


erable time might ctherwise be lost in cleening out the discharge tibe 
between sarmles. 


Since only a few mm of vapor or gas i= © small) Gischerge voseel. 


tie efvantages of spectrochemical tes OVGr Oca atl aimlyeis. 
emo aes en, ee, ee 


agpetataas Tor baking either type oF saaple Lave Geen cin- 
structed in our iaboratories. The fiscal choies nrosebly depends mat 
a.rong)y on the actwal form in which the eumple for analysis is directly 
aveilledle, Yor the medical tracer applicutions the sample 1: usually 
2iquid water. Cus or two drops suffice fer the determination. The ap- 
paratus for the water vapor discharge is sousvhat eimmler tras that for 
the gaseeus Gischarge, vut this iz only if provision far dilution of sa- 
ples for calibration, or otherwise, is reqired. 
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The apparatus for nixing end Clecharging byitrages ané ésxtertua 
gases bas doen described tn detail by Broida end Beyer of the Estioual 
Bureau of Standards (J. Cpt. Soc. Au. 42, 37 (1982), who made an extensive 
inuvestiaatio: of the intensity resic with pressure cnd wits axciter ine 
tensity. Ow apparatus was somewhat giziler to tieir Gesiim, excert that 
caly one palledtun tube was availebic. The photcgragh of our apperntcs 
is sham in Figure 22. 

fhe convenience of the waco: vapor sethod induced ns to Go most 
of the testing of the interferometer siti tiia sources. The apparatus is 
stow in Pigure 23. A 125 watt microwave Eagnetron gmerator at 2° ce 
wave length. was used far the excitation cf the discharge. 

13. IMPROVEMENT OF COMTRAST 

If ome attempts to measure ‘ievierium down to the lov concen- 
tration evallable in ordinary arivcge:, 2 rather extreme comtrast of 6000 
to com is required. By careful optimisatice of the créimary tecinierss 
of Fabry-Pezet interferometry it bas been just berely poseibia to achieve 
this curtrast. Eince this problem may occerr in evan greater severity in 
similar isotope meamuring problems, aor other aygiicaticns; it in UistaL 
% inguire whether thers sre available eny techniques witch will rusk the 
cootrast tc even higher limits. Only tee such methods heve eo far been 
unearthed, and these vere suysted to the axthos by Provassor Jacquinct. 


lL. Self-Absorpiion. If light, after being mitted, peeses tarcigh 
& long peth of toe seme gas, it may be absorbed. In the case of the etrong 


ané weak liw, where high contrast is needed, the scif-ebsorption will be 
much greater for the etrong line. Therefore aftar traversing the peth, 
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the “wo lines will be acre nearly equal in intensity, and thers wii). =< 
en apperent decrease in the ratio of the light intensities. The situation 
in Healphe fe rendered more difficirit becauns the final state is not the 
q@roud state, tberefore the line is uot ccasicered to be one susceptible 
to a high Gegree of self absorption. Thet ia, before the absorbing path 
can ebeorb, there must be present a high concentration of kylrogen atoms 
in the first excited state. This means that a vessel of hydrogen gas 
alone will not serve as the absorbar, but that the abeorbing gas will 
have to be electrically excited as vell ss the source. Jacquinct bas 
Stmatucts’ long etscherge tuhes with auiltinia refiectione in which the 
ratio of Desipha light to Z-alpha was considerably increased. The asount 
of self-absorption, of course, wil). have to be accurately controlled if 
one is to be able to arrive at a measure of the concentratim ratio from 
the intensity ratio. One of the deautics of the spectrochemical method 
of 2D analysis was that the intensity ratio was aimost caactly ths sam 
as the concentration ratio, eo that extensive calibration was not reqviscd. 
2. Isterferometers in Series. If the required cicirest cannot 
de obtainsé with a single interfernumstes, the use of tvo interferometers 
ia eeries should give an cvarali contrest equal to the pretict of those 
obtained with the single instruments. Th» difficulty hera is in main- 
taining the tuning of the two instrumenta so that they arn nimultaceously 
on the peaks of the fringes. The ctalen spacing of couree has to be main- 
taised to a fraction of a vavelength of light. The air pressure tuning 
method wes very useful in the single iaterfercmater case. Probably in 
ordex to use tuo ‘interferometers, they shou 4 ve instelled in separate 


vaccum tenoke vith ‘nderendent control. 
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aemideatian of this Goubie moaoctr siromator principle is not, of 
course limited to tyvo identical instruments in series. A Fabry-Perot could 
te used in cerics with « prisu, grating or other dispersing instywasnt of 
sufficient resciution. Cre of the best suggestions siong this line sppears 
to be a fore-dispersing elem consisting of a sclid mica-spaced Fabry- 
Perat vlate, permanemily tuned to the D-ewavelength. After passing through 
this device, the imtenzity ratio presented to tha Fabry-Peret wuld be 
much retuced, and such high contrast would not be seqiizved. Querts is 2 
possibility Zor this soljd spacer fore-diimpersec;. About, 0.015 inches 
thisimess 4s require? (air epicer thtckneus Civideé by the ister) ts separ- 
ate KH and D by exactly 1/2 order. The advantage of quarts is its insen- 
sitivity to temperature, Inmidity or chartcal attack. Yowever, lithius 
er caleiim fluoride is probably more desirable becaues of lower index, 
beroe gsxeater thickness, and because they are available in jarye synthetic 
pure crystals at lov cost, end are isotropic media. The extirewely thin 
plates required raise problems in standard finishing and poliehing methods. 
Mica would be easter to prezers, but eight suffer from considerable absorp- 
tion in euch thicknesses, 

Another possiviiit; <s7 tus fore-dispersins slement is one 
section of the polariz:tiim interference filter described in the sreceding 
report. This cowld be of ai’, calcite or quarts. 

If an adequate fore-dispersing element of the type sugzer*tad 
above can be mamifactured sixpay and cheaply; ca immdiate suggeeticn is 
to dispense with the air sraced pressure tuned interferomter ani use two 
such devices in series. The reference dean for the measurement could ba 
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taken frus the uidispexved source, with a sixmle narrow band multilayer 
Suterference filter used te select the H and D light. After calivuratias 
with know samples, a direct reading method woul’ te rrevided without 
mecessit; for scamming. sor for sfjustment of perallelian of the piet 

The Gevelopment of an adequate tecimique for mamrfacturing 
e0li¢ spacer interfercerters to the required tolerances in mica, quarts 
or the flucctd:s suggests an important proposal for iviure experimental 
work in this ficld of high ressluticn interference spectroscopy. 
iz. FoAeECKS FOR FUTURE WORK 

Ton report on the pycrugéii-~wsuteriim Geiysis protlier Sy nwrus 
of the Paley-Perot interfercaster has deccostrated thet this ine<rument 
has the possibility cf ths highest luminosity, resolution and contrast 
for the spectrai ansiytical detarmination of isctopes. The bytrog - 
ésuterium iectore shift is of course one of the largest. it is proposed 
thet future work be aimed directly at seperetiag other isctopee cf much 
parrower igotope aaifts, notebly wuresium, because of ite lquortence. 

With the heavier elements, although the isotege chift is camLier, 
the Doppler broadening would be lege. Therefcce one of the major limiting 
factors wil) be the flatness of the interferumeter plates. Considerably 
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Plater end on the techniques for testing thes. The testing is necessary 
to the preperation, since the precise optical worker can sake fine core 
rections if he ic given very precise informatics. es to vhere the defecte 
lie. Imird Associates is fortimets in being eble to obtain the services 
of Mr. Wegn Nergbol for this worl:. Th= nrotieas have already been discussed; 


= mee : | 
me en ec, 
-Th 
- & Baied Asancistes, Inc. 
ond Mr. Margboi is anxious to acquire ths best epperatss aué teciuicucss 


fez echieving the ultimate fn such platter. 
Further work sccis to be done on the improvement: cf the teche 
nismee of lavine dram miltilevers. Thais involves purifying the dielectrics 


evaporated, extensive guégetry for rotating plates in the evaporator to 
fagure uniformity, soluvion of the cxact theoretical equations fr the 


verietion cf transmission with thickness of deposited iayer eo that the 
oytiman monitoring syetem may be devised, =t¢. 

Another major problem requiring ext=asivs research work is tha 
problem of sources for the heavier elusests, such es uraniws. The vapor 
pressure ig low, and it is difficult to excite them, even 4s arcs or 
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b sperks. In addition; such arcs ent sparks are notoriously sources of ex- 
tresc fluctuations in light intensity compared to gaseous cisacharges. 
Hence we may expect the problem of noise to be intensified with these i 
elements. 4 
“: An ef4itional comilicstion aay be introduced taceuse of the come : 
plexity of urenius spuctra. Fer 8-D, = 50 angstrus vids gultilayer ioter- 4 


ference fiiter fe quite sdemmte as an fenleving Filter. For uraniue. 


it may de necessary to do research on the developrent of mwe nerrev 


Loalating Filters. 


Adan lie 32 Ri ike, EAP Reis ko 


“4 


j 


= 5 = 
Baird Asencintes, Ine. 
APPREDTY + 


TRE DETGAMGRATICR CF SEAYY WATER BY INFRARED ABSCRPXIUS TECRAI QUES 
By WU. A. Patterson 
SURMARY 

Using 0.5 ma Calcium Fluoride celis, the differential method of 
infrared analysis, a reversed cell technique and wide Fixed slits, Deu- 
teriua GQride as an additive in water can he readfiy detected in percentages 
as low as 0.01% with a probable precision of + 0.001%. Under present 
conditions en ultimate sonsitivity of 0.134 Deuterium Oxide seems promole. 
The Ceterminetion of ultimate sensitivity Les Seen restricted by bad 
scattered light conditions when spectrophotcmetric slits are wiiensd. Ir 
this scattered light prodies could be solved, then wn ultimte sensitivity 
of 0.001% Deuterium Oxiz=s does not seem out of the way. 
Introduction 

Sensitive methods for the determination cf heavy weter (Deuterium 
Oxide) in the prescuce of ordinary water have bem based either on the 
mans spectrometer or some light dispersing instriment such es an cxissica 
spectrograph or monochromator using electrodeless gas discharges. Thomas? 
adsscribes & mes spectrometric method for D0 in ¥,,0 which appears tc be 
accurate to + 0.9% in the range 0.2% to 1%, and + 0.3% in the range 1% to 
104, ‘his method In based on ths detcmaination of the relative consentra- 
tions of uasé i9 from DO and mass 18 from H,0. Thomas indicates that the 
+ O-2% lintt of accuracy might be due to adsorption of heavy water ce: the 
vacuum systea walls. This had been realized ty Orchiz, Yender and Friedel ’® 


15. 3B. We Thomss, Anal. Ches. 28, 1:76 (1950). 
16. 0. Orchin, I. Wender and X. A. Friedel, Anal. Chas. 21, 1072 (2945). 
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we, in order to get increased accuracy, converted solutions of D9 and 
¥,0 to Methyl Deuterias (€u,D) and Methane (cx, } befors using the maze 
spectrometer. This method gave vaiues for heevy water to within 0.1% in 
the range 1.k to 15%, but neclecting the errors inhereut fy: the “conver 
sicu", tle reproducibility of the mass spectrometer vaines on the Ketigi 
Deuteride Was ab least & factur of & better than tais. 

The Orchin ot al method is interesting in that it was applied 
to mixtures of hydrocaertons of relatively high molecular weight, scaw 
compounds of which had Doutecium ssc schatituted for Hirogen atons. 
Timee Gydrcearbons vere acctifateiy converted to water end Deuterium Gzide 
by a method developed by Keston, Rittenberg and Schounheimer?’, zie 
techtique has important spplicaticas and means that e gocd method for 
determining D,O in K,0 could bave wide spread app)icatione. 

The papers of Broida””? 19 apnear tc be ths met authoritative 
using emission tectriques. In the first reper’, gusscus Bisturse cf 


Byérozen and Deuteriva from 85% to 100% Nevi-eriun were analysed to within 
19 


O.1% of the major corganent. In the second paper”, with the same instru- 


mertation, end applying isotope dil-tion teclmiques the total weter con- 
tent of materials euch as “hyérates” was Getexmined to within 3% of the 


amumt nrosen?t. Thie pener illustrates at laast. ome other tene of sami i. 


or ~~ “ern = 


setion for methods determining D 1° iz Hc. According to the auuhors, the 


technique is yerfectly general, a24 azplicstions were planneé for the study 


of water binding esd transport in biclogicel systcs. 

37. 4.8. Keston, D. Rittenherg, and RJ. Schoenbelmer, J. B10. hen. 128, 
18. 4. ?. Broida and. J. W. Moyur, J. Opt. Soc. Am, ke, 57 (1952). 

23. H. J. Morowits and H. P. Broide, Anel. Gham. a, 1657 (1958 
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oth the mess spectrometric and ths ewiagion metinds lesa thes 
selves to the use of very amall sexplss, for example as Lit:le es 5 mil- 


ligvams. This does not mean, however, that these instruments are tin 
most sensitive for the déstaction of lowast concentraticns of Dewterive 


Oxides ia water. On tho mass spectrometer or the exission spectrograph, 


for highest sensitivity. it is advieable when handling very «mall samples 


of water for analysis, to reduce the aquecus material to the Deutertum 
and Ry@rogen gases. Dubbs*~ 2 
for this purpose, using hot Zine as the reducing agent. These papers 


would definitely rave a bearing on the app)ications of any amiseion type 


inatrument we might develop. 
The pass spectrometric methoés have disadvantages in that the 


instrumentation is expensive end for the most sensitive cermlts tle samle 


needs suitsbis preparatory procedures such as reduction to the elemental 
Gases or the coversicn te Methyl peuteride and Nethane. Gpectrograrhi«s 
type inatruments exs cheapger but high sensitivity cn low ccncentrations 


of Deuterius Oxidase in weter bas not been proven as yet™. Kere ogain con- 


Version to the aletental cesse some 4esivebie, Opsctrographic squijmans 


ia alwo not widely distributed emeng thos chemists who are most likely 


~ a 
+n require Newtertus i425 ansiveisa. 


Mere seasitive wathcds seem Gealrabie, aethodas which covlé 
either be applied to iretriments more widely distributed amoag ciganic 


ee vaerwrcestew2eeex#enrneweernreeweeeeeeeweeeoereweweeaeeesee 


20. &. he Dubbs, Anal. Chem. BZ, 28 11955). 
21. F. P. Ghinard end T. Eons, Anal. Chen. 5, 1435 (195%). 


& Accordiug to further information received from Dr. J. L. Sauvdarson, 
thie bes bes. done by Broida and compeny oat the National Bureau of 
Standards, but is unpublished to date. 
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cheniats, aus diochenists, or the principles of which might jiend themselves 


to the devrelczent of simpler and leas costly instruments. raprered eatse~ 


gion wattods have been wader consideration in this laboratory, and research 


widentaken. There remains a further possibility, end that is infrarsé 


steorption which heretofore hes not been given serious consiferstion, either 


by us or by others. 

In 1950 Thornton and ¢ondon™ described an infrared mothod of 
lew sensitivity for the range 0 to 160% Deuterium Oride in water. 4m ace 
curacy of 354 was claimed, but it was expected that thiv ccul4 be immroved 
Wea. The method waa based ca the aif of the 2.5 micvom water bend te 
3.8 microns in Deuterium Oxide. iremmer cud Welker sade sore thorough 
investigation of the Tharriton and Yondon mathod and discovered that +h: 
inteasity of the 5.6 microns bend for Deucerium Oride ws vary sensitive 
to texperature changes. ney developed a thermostated cell with which it 
Was possible ts aualyze for Deuterium Gxide, with an accuracy ci + 0.1% 
on 2% Deuterium. The Tremner paper ‘9 slightly vague in that the authors 
speek ecnste=tly in tarme cf Deuterium, *Suugh the amuyais is desed ci 


heavy weter. For heavy vater, the above vaiuss of Deuterium should be mul- 


tigited by nine. Titie work ves done on 4 single beam instriment end the 


Toeee meticods core not sensitive and the full potential sensitivity of the 
Snafrored technique such se might be obtained from a dole bear instrummt 


 anelytical range considered ws 0 to 5% Deutertue (0 te k5t Reuterium Oxide). 


and differential methods hed cot bean studied. Phese ssumed worth investigating. 


82. V. Thornton and E. F. €ondon, Anal. Chem. 28, 690 (1950). 
23. HN. 3: Tremer and R. W. Walker, Instrument 9 &y Mo. 1, i (2558). 
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The object of this iersstigetion was = apply tie aoet sanulidue L 

a techniques of infra:ed spectroscopy to reach some conclusion oa what are : 
the lewr Lirite of Jetecticn of Deuterium Oxide fn the presaase of water. ; 

Ta this initial work, precision and reproducibility ware net considers. ' 

These would necessarily be the subject of ancther end more extensive in- ; 

1. The Use of 0.1 mm Calls F 

The mowt suitable thicimese of an infrared wesorption ceil fer : 

water is something less than 0.01 ma depending on the probles. Tremer® F 

3 was able to use a thickness of 0.2 == for the measurement of Deuterium 


Oetés. Any thickussees greater thes thas would cive spectra showing very 
higt abserptions in mo2zt regions from 2 to 16 microns. Figure I shows 
the spectra cf water and heavy water in 6.1 ma Galicia Fluoride colls vith : 
a ® Saloix, Fhuoride prism. the use of Galcium Fluriés cells is necesasry 
bucsuse of tra sulubilivy of rock sxlt 44 water. lowerver the use of the 


Calcium Flucride prism in this partéoular iustance hel no significance. 


Pe: ee 


Sivdying the apectra, it is evident thet toe strongert e>ecrption danés 
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wicron tiuterium Gxids bend appears at a gap in the adsorption of thn 
water spectrum auc Wild be suitable as sn enalytical bend which is 2n 
agreament with the choices of other workers ca this onelysie. The €.9 micron 
dant in the heavy water spectrum is evidextly due to soucthing lees than 
s 0.3% water as ths Dacterium Oxide was only guevantesd to be at least 99.57 
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On igure IV are suow the six staniirds rum agninst distilled 
water ia the refarance been, using matchsd 0.2’ wa celis. These apectra 
were made using fixed slits, the width of vhich hed boon eAiusted to give 
@ D.@. voitage of &.0 volts at the mechanical mectifier, at a wavelength 
setting of 5.7 microas, sni with en 0.2 mm cell containing writer in the 
sermple beam and en omaque iu the reference beam. Cains of roltege end 
jasowmn amplifier were us usuml. This vase sleo the procsduce in edjusting 
the elit: widths ta subsequent work, although tie actual voltage figure 
wili very. 

Uring as the base lire ths curve for 7 water against water, the 
abec.chance values of these adsorption tands vere calculated, The results 
are plotted on Graph I. Observe the nice straight line relationsh!p and 
the high asgree of correlation between the different results; even whea 
the 0.01 to 0.2% D,0 in ¥,0 range was expended as shows in the right band 
curve, 

3. Tue Use of 0.5 am Celle 

Bince 0.5 om cells instead of 0.2 maz calis should in tacory 
give increased sensitivity, thia was the Ingicel next step. ihe spectrum 
of water in #1 0.5 = call showet 99% absarption in the 3.8 to 4.0 micron 
region. This did not look very hopsful, Froceeding hatever ti ape uw 
the alits to 0.5 volts ag per our previous mentecusé ef tetsent procedure, 
sttepts were «wie to rim water agninnt weter im the 0.3 mm celis. She 
very wide slits, however, ‘=troduced e craplication in that mich scattared 
light was introduccd. ‘this caused considerable trouble. For exanpie, 
between: 3.0 anf 3.4% microns where there ehould be complete aboorption in 
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both beams, there <=5 a stroma down soates Srift, which could be reversed 
as the slite vere narroved, indicating Sefinitely that there wes an u- 
Deience Gus ti scattersd light whe: the elite were set for tre 0.3 volt 
reeGing. The instrument jad a normai uw ecalis Griit. The due suale 
442% was so shrosg that it played heme with #11 the cucves and res 
waa renroducible. It was not even possible to get a reproficible wter 
v2. water bessline or reference to deternins vhetber the tuo celle were 
watched, though of courme this could be checked vith otinx soivente. Tt 
ehonid be noted that thie dow ecale drift only oceurred eh there ms 
complete absorption. Wicre absorption vos not complete the yan thea want 
tw] ecals, trying to go back to its proper balance yoaition. This m=ant 
that there was little chancs for recording «ot wavelencthe prior to the 
actual absorption band, but had to record imesdietely into the band or 
wuere there was energy, Which ir thia case asounte’d to the same thing. 

Consicerable time was epent in studying this scatiared light 
problem, full details of which were given in notebsok 27h(0. A descripe 
tion of the tests carried out vould culy <ouplicate this report, aad be- 
aiésa 1% is an instrumental problem rather than an analytical oas. Though 
it Js the Hay to getting the highest sensitivity. 411 .hat need be said 
at thic time ts that some partial mecce: wes obtained even wits slit 
settings of 5.5 volte at 3.7 micrane. uch was etili to de desire’ how: 
aver, anf. {¢ 45 quite rromble that the sensitivity ettained in this 
work could be et least doubleé if a coapletely setisfautory enawer to 
the scattered light problem were to be found. 
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Pigure V shows the first successful curve, sm disferauticly, 
with Deutertun Gacids sterderéa in the 6.5 mo celle. The absorbasce vailves 
na shown in Graph @ are caly ebcvt 50% higher then those chtained ucing 


C.@ mm cells. This iocrosce in absovbanca should have been about 2 1/2 
tizse. Toe iow vaiuss can be attributed aicost sutimely to the siugrich: 


ness of the pen due te the iow azargy levels. It shoulé be realised thst 
the 6.5 volt setting ws at 3.7 microns which meant that at about 3.9 to 
&.0 miscone the amount <f snevagy wilt be om the order of 0.1 volt or isaa 
fa both boa. 
&, Using Reversed 0.5 ax Grills 

Robinsea”? tas atvzen that sparsesed emmstiivity can be obtained 
Wy first running sexsples 4ifferenti.lly is the normal vay exa then re- 
cording again sbove the first spectrum but vith the aamples reversed in 
the tun bgace. This ctvee two curves which are eizror images of cach 
other, the Cistance between the two rests baing an amplified absorbance 
Walus for the saaceutration 42 gestion. To do this progerly oly ti 
samples are revers , and not the cells, and the tact then scapensetes 
ior thiciness Giscrepancies Leivean the tvo cells. ia the present work 


tais refinement of technique wes not deemed necessary and both cells end 


solitionn were rvversed. 
The secscseft:] application of the Roveresd Gell technique in 
thie perticular javties (only) required e reliable 106 lize a0 starting 


poss far sccoréing both the upwerd enéi soenrard curves. This doce not 


mnen « true 100% line, but cimply « starting point et which the psn could 
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be eet and the position of wizich would roc changes ducing the recording uctil 
the scancing exiered tie DO aleorption Send 2 an of the gpectrus. This 
ieeetit HO Gown acale drift from scatters’ ligitt. It elise meant « low voise 
Lewal. {0 ateein the latver the voltacs amplifier wis eritched te the 8 
position and tc obtain a responsive ren without santterad lish: ietcrfere 
ence the siitse were gracusliy opemed ai curves recorded, noting the 
etabiiitw cf the starting point. The sevias of curves obtained, veing 
tae 9.099% Deuterin: Gride etanéard, as the slits were videned ere shown 
3a Tigers YI. Bo attezpt was made to record the 2.8. veltess co thecs 
ais: openings. Using ties slit openins deaigneted by the icwest cuzvs ca 
Figure VI, four stexdards were recorded clong with water with the reverse 
Cell tecanigus uxing 0.5 ma co-is. The results ave shown in Figure Vil. 
ho Tiet amine cf these curves 15 Gus to lack of sufficient exrgy bee 
tween the tes beams erhinting the serve neshenisa. Figs VII show the 
curre cutained from the sate stenfard using A.é. bias in waich “he curves 
take thedr nermal shave, 
3o Baecuneion 

On Graph 2 ars plotted the ubecrdance values for the three stan- 
&wa 0.012, 0.053 and 0.089% D.O in LO which wars chtainst during the 


eewam 1 ehie Savert tant ion es *serccetssels sensttivs as a oe 4 pon Pe | 


These <Ssorbemce values are from Figures 7, V and Viil. As mentioned 
preriously the expected increase of @ 1/2 tines the shsorbance volozea on 
@eing from 6.2 to 0.3 wa thick eclis cid oct occur. AS eis uenticeed prow 


Viowssy this is vory jrooabiy Sus ts the lov energy levs!s involved wick 


had to be kept low as wide alit opexingy introduced scattered Light problems. 
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Sa gassing te curve 5 on drape 2, taat for the cwversed soll technigi, 
the reguite ars ovspletely ia line, teing chat trics ticse obtains’ for 
the standard mathod using 0.5 ma cells (curvs 2}. Sote that ovrws 3 acco 
not go to saxo Wut to 0.015 abverhasce value which is the absorbance Gif- 
ference between the tre cella filled with water as indicated ip Figure VIII. 
Tf sclutions bed bee revareed but not the cclie. this curve 3 of Graph & 
should have gone to sero, 6 with curves 2 end &. A glance at th ab 
sorbence bends of Fimsre VII sné at curve 3. Graph @ makes it reediiy 
egparens thet 0.01% Deuwlacium Oxide added to ardinsry veiar is ..atily 
wmiesuredle. It is clso apparent that concentreticzs es low ag 0.003% 
Decterius (ride coulda be datected without too moh difficulty. The ox~- 
Pelation bemwee the points on curve 3, Gig 12 indicata that the percent 
Dewterfum Oxide in th: range 0.Cl te 0.05% could probably bs dctermined. 
with em accuracy cf + 0.001$ if « preciesly contrcliad wwito’ rare Sen 
Goecliysions 


While final conolusiass sheuld sot te Grea five a siugio series 
of oxperinonts, ther: seuss ifttle S0dt thet the fePresed ehcoppiion ante 
is Tulay capehte cf detecting end mecuuring 6.(LG Sauterium caids in water. 


he pesethle dearse af weecision in the suciyrea could be sdboub + O.00ii 
os better. 


York so far has indicated that percentages of Duuterius Oxite an 
iow as 0.008% are within the sensitivity limit of this wethod. She uwliinate 
sensitivity of tha infrared methsé kas act been sveched in this work axe to 
terteictions on the limite of the experimental technique from enattered ligtt. 
If these vere rusvaed. a sensitivity of 0.001% dnes not ncem unt of the way. 
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